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1 
General Introduction 
Introduction 
Oxygen Atom Transfer (OAT) catalyzed by transition metal complexes has received 
extensive attention from inorganic and bioinorganic chemists for decades due to its 
contribution to biochemical and industrial applications. Molybdenum is found in biological 
systems as an active site of certain enzymes. The majority of those molybdenum 
containing enzymes chave Mo=0 in their active site and are often called oxomolybdenum 
enzymes. The general function of oxomolybdenum enzymes is catalysis of oxygen transfer 
reaction in biological system through the catalytic cycle between Mo(VI)02 and Mo(IV —O.1 
PyO + Ar.)P Py + Ar^PO (1) 
This reaction attracts our attention because the uncatalyzed reaction has not been 
observed. Dithiolate Re(V)=0 complexes have proven to be potent catalysts for reaction 1. 
The addition of a small amount of catalyst will allow the reaction to proceed to 
completion.2 Rhenium(V) catalysts offer many attractive features: They are easily 
prepared, stable for long period of time, and unreactive toward oxygen and traces of 
moisture. A series of rhenium(V) complexes have been synthesized and fully characterized 
including ^-crystallography. Chart 1 shows a sample of these Re(V)=0 catalytic 
complexes.3 
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A notable feature of these rhenium(V) complexes is their five-coordinated square 
pyramidal geometry (Chart 1), which allows a vacant coordination site trans to the oxo 
group for the substrate to access the Re(V) center. The proposed catalytic cycle begins 
with oxidation of Re(V-O by an oxygen donor (e.g. pyridine oxide) to produce Re(VII)02 
followed by reduction of Re(VII)02 back to Re(V)=0 by an oxygen acceptor (e.g. 
ArsPXScheme 1 ).2,3 As extension from OAT, sulfur atom transfer reaction of thiiranes to 
PI13P catalyzed by dimers 4 and 5 (chart 1) has been reported.4 
Scheme 1: Proposed Oxygen Atom Transfer cycle 
O YO Y O f % 
Re(V) V J . (VII)Re'o0 ^—» Re(V) 
Chapter I deals with the mechanistic aspects of sulfur atom transfer (SAT) reaction. The 
catalyst used in the study was oxorhenium(V) dimer 4 (Chart 1), which has been 
previously used successfully for OAT reactions. Dimer is proved to be 100 times more 
effective than its monomeric form in OAT reaction.5 In our study, Thiirane was chosen as 
3 
the sulfur donor in SAT and PI13E (E=P, As) as the sulfur acceptor. The advantage of 
Thiirane desulfurization is no uncatalyzed reaction has been observed. The reaction is 
thermodynamically favored (AH < 0)6 and only catalytic amount of dimer is required to 
proceed the reaction to completion. Mechanistic study has been performed both 
experimentally and theoretically. Chapter IV is continuing to our interest in sulfur atom 
transfer (SAT) reaction. Computational study is pursued into thermochemistry of SAT 
from Thiirane to Ph3E (E =As, S). 
Chapter II reports a kinetic and theoretical study on Me(mtp)ReS(PPh3) catalysis ( 
mtpHz = 2-(mercaptomethyl)thiophenol). The kinetics of oxo analogue 2 showed the 
following rate law: v = k[2] [PyO]2 [PPh3]"V Interestingly, Me(mtp)ReS(PPh3) 3 adopts a 
different mechanism. It is adopts two mechanistic pathways, first, a chain pathway, which 
was previously communicated,8 second, a nucleophilc pathway that is analogous to the one 
adopted by the oxo analogue. The balance between these two pathways is controlled by 
reaction variables, primarily the phosphine and pyridine TV-oxide concentrations. In 
addition to kinetics, theoretical study has been done on the intermediate and reactions 
paths to gain further understanding on mechanism and reactivity of 3. 
Chapter III focuses on the computational study of the nature and the bond strength of 
Re(V)=E catalysts and Re(VII)OE intermediates (E= O, S). There is little data available data 
available in the literature on the thermochemisry of Re(V)/Re(VII) transformation. In the 
catalytic cycle of all rhenium complexes, triphenylphosphine shows no tendency to reduce 
oxorhenium(V) to rhenium(III) which was explained by strength of Re-O multiple bond. 2 
According to the earliest molecular orbital analysis, Re-0 bond is considered to be triple 
4 
bond.9' 10 Re(V)=0 bond strength is estimated by two simple thermochemical 
measurements to be roughly 141+ 9 kcal/mol.11 In this study, density functional theory has 
been carried out on series of rhenium(V) and rhenium(VIl) models to estimate Re-0 bond 
strength and to analyze nature of Re-0 bond. 
Dissertation Organization: 
This dissertation consists of four chapters. Chapter IV has been published to Inorganic 
Chemistry. Chapters I to III are being prepared for publication. Each chapter is self-
contained with its own equations, figures, tables and references. In Chapter II, the kinetic 
study was performed by Dr. Katalin OsZ. The author of the dissertation has done all of 
computational study of reaction mechanism and intermediate. All other work in the 
dissertation has been completely done by author of the dissertation 
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Chapter I 
Kinetics, Mechanism, and Computational Studies of Rhenium-Catalyzed 
Desulfurization Reactions of Thiiranes (Thioepoxides) 
Abdellatif Ibdah, William S. Jenks,* and James H. Espenson* 
Ames Laboratory and Department of Chemistry, Iowa State University, Ames, IA 
50011-3111 
Email: wsjenks@iastate.edu; espenson@iastate.edu 
Abstract. The oxorhenium(V) dimer {MeReO(edt)}2 catalyzes sulfur atom transfer from 
thiiranes to triarylphosphines and triarylarsines according to the rate law, v = 
£[Thiirane][Re], independent of arsine concentration. The values of k/L mol"1 s"1 at 25.0 °C 
in CDCI3 are 5.58 ± 0.08 for cyclohexene sulfide and ca. 2 for propylene sulfide. The 
activation parameters for cyclohexene sulfide are A if = 10.0 ± 0.9 kcal mol"1 and AS* = 
-21 ± 3 cal K"1 mol"1. Arsine enters the catalytic cycle after the rate-controlling release of 
alkene, undergoing a rapid reaction with the ReVII(0)(S) intermediate that is so rapid in 
comparison that it cannot be studied directly. The use of a kinetic competition method 
provided relative rate constants and a Hammett reaction constant, p = -3.0. Computations 
showed that there is little thermodynamic selectivity for arsine attack at O or S of the 
intermediate. There is, however, a large kinetic selectivity in favor of Ar3AsS formation: 
the calculated values of Airf for attack at Re=Q vs. Re=S in Revn(0)(S) are 23.2 and 1.1 
kcal mol"1. Triarylphosphines are much less effective sulfur atom acceptors because they 
convert the dimer catalyst to the monomeric form [MeReO(edt)(PAr3)], which reacts 
sluggishly. 
7 
Introduction 
Oxygen atom transfer (OAT) reactions have attracted considerable interest, in part 
because they are prevalent in biology. The oxo-transferase enzymes usually contain 
Mo(VI/IV), occasionally W(VIZIV).1 Synthetic mimics of the enzymes have been studied, 
although their catalytic activities are often not high; further, irreversible formation of 
MOv20 causes turnovers to cease. The catalytic cycle occurs between Movl02 and MOIVO. 
Certain rhenium(V) compounds have proved quite effective at OAT catalysis. The 
stoichiometry, kinetics, and mechanism of several reactions have now been reported,2"6 as 
recently reviewed.7,8 Common to all theses systems is repetitive cycling between LnRevO 
and LnRevll(0)2, Scheme 1, where Y is an O-atom acceptor such as PAr3. The Groups 6 
and 7 catalysts are, of course, isoelectronic. Of these catalysts, the one most pertinent to 
the present study is {MeReO(edt)}2,1, where edt = 1,2-ethanedithiolate. 
Scheme 1. Schematic mechanism for rhenium-catalyzed oxygen atom transfer 
O XO X Y YO 0 
Rev V J , °^ReVM V J , Rev 
cfia 
\ 
Me 
1 
Sulfur atom transfer, SAT, has been less studied, although sulfur donors such as 
elemental sulfur,9'10 thiiranes,10-11 isothiocyanates RNCS,11 trisulfides RSSSR,12 and M=S 
(M = W13, Ti14) have found use in synthesis. Thiiranes (episulfides) have been prepared 
8 
from elemental sulfur and from styrene sulfide, which have weaker C-S bonds than 
the thiiranes. Indeed, it has been reported that {RuIV(edta-H))2}2S2 catalyzes the formation 
of cyclohexene sulfide from sulfur and cyclohexene.9 
Rhodium acetate catalyzes sulfoxide transfer from propylene sulfoxide to norbornene 
and norbornadiene.15 On the other hand, rhodium acetate does not catalyze the 
thioepoxidation of cyclooctene or dicylopentadiene. Styrene sulfide with MoO[S2P(OEt)2]2 
converts PPh3 to Ph3PS. 16,17 Even the less spontaneous reactions of alkenes and aliénés are 
brought about by this catalyst.10 The reaction between the MIV complex [Mo^O-pCgHg-
X)(S2C2Me)2]™ and Ph3AsE (M = W, Mo; E = O, S) forms AsPh3 at a rate v = 
&[MIV][Ph3AsE], Values of kfL mol'1 s"1 at 25 °C are, for Mo, (2.3-6.0) xlO"2 (E = O), 
(2.5-7.5) x 10"1 (E = S); and for W, 1.8-9.8 (E = O) and 4.1-67 (E = S).18 The higher 
reactivity of arsine sulfide reflects its weaker As=E bond strength as compared to the 
oxide: 7019 and 10320 kcal mol1, respectively. 
In this study we have extended the study of SAT to reactions between thiiranes and 
PAr3/AsAr3. The catalyst used is the oxorhenium(V) dimer, 1, which has been used 
successfully for OAT reactions, proving ca. 100-fold more effective than monomeric 
analogues.21 The general chemical equation is 
Â. + Ar3P/Ar3As Cat'1 » /=\ + Ar3PS/Ar3AsS ^ 
R1 R2 R1 R2 
This system offers the advantage that no uncatalyzed component has been observed. 
Also, the reaction is thermodynamically favored; values of AH° (and also AG0, because by 
the symmetry of the reaction, the entropy change will be quite small) are -21 and -7 kcal 
mol"1 for PPh3 and AsPh3, respectively, from theoretical calculations.22 The further 
9 
advantage is that, with catalyst 1, reaction 1 proceeds promptly to completion in the 
case of AsAr3; noteworthy, however, is the fact that a side reaction renders the PAr3 
reagents must less effective, as will be explained. 
Experimental Section 
Reagents. The rhenium dimer {MeReO(edt)}i 1, was synthesized according to the 
literature procedure23 as were tri(para-chlorophenyl)arsine24 and tri (para-
methylphenyl)arsine.25 All other reagents were obtained from commercial sources and 
used without further purification except cyclohexene sulfide which was purified by 
vacuum distillation. Chloroform-^ was used as the solvent for kinetics. Benzene-c/e was 
used for rhenium(V) dimer characterization to compare its NMR features with literature 
values.23 The ]H and 31P NMR spectra were recorded at 25 °C by use of a Bruker DRX 400 
MHz spectrometer. Triphenylmethane was used as the internal standard in the 'H-NMR 
kinetics experiments. 
Kinetic measurements. The 'H-NMR signals of propylene sulfide and cyclohexene 
sulfide were monitored during the time course of the reaction. The values of the integration 
were fitted to first-order kinetics, eq 2, in which Y= integration area. 
% = (2) 
Computational Methods: Computations were carried out using the hybrid density 
functional B3LYP, as implemented in GAMESS.26 The quoted energies are without 
temperature correction but contain unsealed zero point energies. The structures were 
confirmed as minima or transition states by calculating vibrational frequencies. The 
structures were optimized with B3LYP using the LANL2DZ ECP27 for Re, augmented 
with If 28 polarization functions. Pople-style basis sets were used for the lighter 
elements: 6-31+G(d) for S, O and 6-31G(d) for other atoms. The zero point energies were 
calculated with the same basis sets and level of theory. Energies were refined with single 
point calculations, also done with B3LYP, but using larger basis sets: G3Large for S, As, 
and P,29,30 6-31 1+G(2d) for O & N, and 6-31G(d) for C & H, along with the original basis 
set for Re. 
Results 
NMR spectroscopy was used in the experimental studies. First, 31P NMR demonstrated 
that PI13PS is the only phosphorus-containing product formed from propylene sulfide, 
Figure 1. Further, the timed decrease of the propylene sulfide resonances and the 
concomitant growth of the propylene resonances, shown in Figure 2, followed first-order 
kinetics. The data from the reactions of cyclohexene sulfide, CxS, which was the 
compound more extensively studied, also conformed to first-order kinetics. The inference 
we draw from the excellent first-order fits is that the rate is directly proportional to the 
concentration of the thiirane, the limiting reagent. Necessarily, therefore, the rate is 
independent of the concentration of PPI13, in that its concentration decreased by 70% 
during that experiment, evidently without effect. It is surprising, therefore, that the rate 
constant does depend on the identity of the group X of P(CôH4-/>X)3 (X = MeO, H, CI) as 
shown in Figure 3. Even more surprising is the rapidity at which the less nucleophilic 
AsPli3 effects the reaction, as shown in the same figure 
11 
I J 1 
0 
Ph3P 
pphg 
Figure 1. The 31P spectrum before (below) and after (above) completion (5 h) of a reaction 
between 250 mmol L"1 PrS, 60 mmol L"1 PPh3, and 10 mmol L"1 1. The sole resonance is 
that of Ph3PS at ô 44 ppm in CDCI3. The signal for the monomerized product from 1 is 
clearly evident. 
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Figure 2. Stacked !H NMR spectra taken during the reaction of 184 mmol L"1 PPh3, 128 
mmol L"1 PrS, and 9.0 mmol L"1 of 1. Data were taken at 25 °C in CDCI3 at intervals of 30 
minutes. 
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Figure 3. Time course experiments of the integrated PrS resonance against time with three 
PAr3 compounds and the much more rapidly-reacting AsPh3. 
Both of these phenomena - the dependence of the rate on ring substituent X and the fact 
that phosphines react more slowly than triphenylarsine - can be traced to phosphine-
promoted catalyst decomposition. In effect, the declining rate of PrS concentration shown 
in Figure 3 arises from the conversion of active 1 to a form that has low catalytic activity. 
Catalyst degradation is caused by the reaction of 1 with PAr3; in contrast, 1 is stable in the 
presence of arsines. The reaction responsible for loss of catalyst is monomerization, shown 
in Scheme 2. Note that catalytic activity towards the P(C^X)3 reactants falls off in the 
order X = MeO > H > Cl, following their nucleophilic strengths. This is consistent with 
Scheme 2 because the more nucleophilic the phosphine, the faster monomerization occurs. 
And, where monomerization is not allowed, with arsines, the reaction is quite rapid. 
• 
• 
• 
• 
• 
A ^ 
::: •• 
B EE! AsPh;- -
0 4000 8000 12000 
Time/s 
13 
Scheme 2. Monomerization of 1 occurs with phosphines, but not arsines 
X 
•GXs/-- p'x' 
Re Re f 
Me/ 
V 
Me PAr3 
AsAr-3 NR 
For these reasons, subsequent studies used only AsAr; as the S-atom acceptors. Also, 
most of the subsequently-reported kinetics studies were carried out with CxS because PrS 
is rather volatile. The arsine reaction remains first-order in sulfide concentration (Figure 4), 
independent of [AsPhs] over the range 150-320 mmol L"1 (inset to Figure 4), and first-
order with respect to catalyst concentration, see Figure 5 and eq 3. The values of k are 5.58 
± 0.08 L mol"1 s"1 at 25.0 °C in CDCI3 for CxS and ca. 2 L mol"1 s"1 for PrS. Likewise, for 
CxS with AS(CÔH4X)3, k = 5.7 ± 0.5 (X = Me) and 5.5 ±0.1 (X = Cl) L mol"1 s"1. 
(3) 
\ - • -, • 
\ oa" 
-\ 0 100 200 300 
[AsPhJ1 mmol L'1 
0 1000 2000 
Time/s 
Figure 4. First-order fitting of the intensity of the ô 3.15 *H resonance of CxS in an 
experiment with 92 mmol L 1 CxS, 158 mmol L"1 AsPhs, and 0.32 mmol L"1 1 at 25 °C in 
CD3CN. Inset: A plot of kobs against [AsPh3], showing its lack of effect. 
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Figure 5. A plot of £0bs against catalyst concentration in a series of experiments with 92 
mmol L"1 CxS and 65-314 mmol L"1 AsPhg. 
Activation Parameters. The second-order rate constant for the CxS reaction, as defined 
in eq 3, was determined at the additional temperatures of -5.0, 5.0, 15.0, 20.0, and 25.0 °C. 
The data were fit by the transition state theory equation, 
In (ft/7) = In (k B /h )  +  AS* - Mf/R  T  (4) 
Figure 6 displays the plot of In (k /T )  versus 1 /T ,  from which these values were obtained: 
AH* = 10.0 ± 0.9 kcal mol"1 and AS4 = -21 ± 3 cal K"1 mol"1. 
15 
-4 
•5 
3.3 3.5 3.7 
1000/7 
Figure 6. A plot of In (k/T) versus 1/7 according to eq 4, where the second-order rate 
constant, k of eq 3 applies to the reaction between cyclohexene sulfide and triphenylarsine, 
catalyzed by 1. 
Competition between Arsines. The previously-cited values established that k is 
independent of arsine identity, reaffirming that arsine enters the catalytic cycle following 
the rate-controlling step. Data for the step involving AsAr3 must therefore be obtained by 
competition methods. With the use of two arsines in a given experiment, the ratio of rates, 
in terms of shorthand notation, X = As(ArX)s, Y = As(ArY)3, XS = (ArX)3AsS, and YS = 
(ArY)3AsS, is: 
-dX/dt dXS/dt dX kx X 
-dY/<& </YS/<& dY Ay Y 
16 
Integration affords an expression for the rate constant ratio: 
In 
l nX[=&xlnY|^& = -
4 4 I n  
f x /  In 
( Y> )  In ( Y° ) 
l Y oJ  
(6) 
The concentration of each arsine sulfide was determined by integration of the H NMR 
spectrum during the reaction. The rate constant ratios, kx/ky, were normalized relative to 
AsPh] (k = 1.00). The ratios and the Hammett substituent constants are: 
AsAr3 k /ku  a 
As(CôH4-;?-Me)3 2.87 -0.17 
AsPh] 1.00 (rel.) 0 
As(C6H4-j9-Cl)3 0.18 0.23 
Computational Studies: Background. Mixed thio-oxo compounds have been reported 
for W(VI) and Mo(VI).18-31-33 Whereas WVI(0)2 does not perform clean OAT,34 WV1(S)2 
leads to rapid SAT with PPI13.33 These results are compatible with the bond strengths: 
W=0, 138-160 kcal mol"1 35 and W=S, 82-92 kcal mol"1.35 Even though the P=0 bond is 
stronger than the P=S bond, 128.436 vs. 88 kcal mol"1,19 PPh3 reacts faster with the thio 
group than the oxo. 
Qualitative representations of the JI  and Jt* levels of WVI=S and WV1=0 in WV1(0)(S) 
have been reported,37 according to which the energy of the W=0 Jt orbital lies well below 
the energy of the frontier orbitals. Further, the very high energy of the W=0 JT* orbital 
limits nucleophilic attack on the oxo group. The frontier orbitals (HOMO and LUMO) of 
WV1(0)(S) are the jt and Jt* orbitals of the W=S bond, such that the LUMO (W=S Jt*) lies 
17 
considerably lower in energy than the W=0 Jt*. It is in these terms that one can 
understand kinetic control favoring SAT over OAT. 
In the case of rhenium catalysis, the experimental finding is that SAT provides the 
exclusive pathway. Calculations on the energetics of the Re=E bonds in 
[MeReVI1(edt)(0)(S)], the monomeric analogue of the putative di-rhenium intermediate, 
gave respective gas-phase Re=S and Re=0 bond strengths of 84 and 118 kcal mol"1. 
Therefore OAT to PPI13 is favored thermodynamically by 6 kcal mol"1. In the next section, 
computational results are presented to explore whether kinetics will account for the 
dilemma. 
Computational Studies: Results. The proposed transition step for the rate-controlling 
step involves alkene release from a thiirane-rhenium complex; in skeleton form the net 
result is given by eq 7. Computations afford A//2*= 6.9 kcal mol"1 of cyclohexene released. 
The next reaction in need of examination is the one in which triphenyl arsine attacks the 
oxo-thiorhenium(VII) intermediate. Here, PMe; and [MeRevn(edt)(0)(S)] A were used as 
models for AsPh; and for the actually-dimeric oxo-thio rhenium(VII) intermediate. Will 
phosphine form PI13PO or PI13PS upon reaction with the ReVII(0)(S) species? First, 
calculations show a negligible thermodynamic preference for one mode of reaction over 
the other: AH° = -30.5 and -26.8 kcal mol"1 for PMe; attack at O and S, respectively. The 
calculated structure of A is a distorted trigonal bipyramid. 
A 
The MO pictures of the Re=E it* orbitals are shown as B (E = S) and C (E=0). The 
energy of the Re=0 jt* orbital is 19 kcal higher than that of the analogous Re=S orbital. 
The transitions state energies afford calculated activation enthalpies as A.H* =17.8 and 1 
kcal mol-1 for attack at O and S, respectively. The magnitude of this difference, despite the 
approximations in the chemical species and the use of a gas-phase reaction, provides a 
sufficient rationale for the kinetic preference for SAT. 
B 
Discussion 
The kinetics and computational data allow the formulation of a mechanism that 
accommodates all the findings. It is presented in Scheme 3. We envisage that the first stage 
is thiirane coordination to one Re atom of 1 concomitant with the release of one S—>Re 
coordinate bond. In that manner, an optimal five-coordinate geometry about 
rhenium(V) is preserved in a 1-thiirane intermediate, designated 2, that remains at an 
undetectable concentration. The subsequent and rate-controlling step is the irreversible 
release of alkene. The steady-state rate law from this scheme is 
v = k]kl- [1] [Thiirane] = ^[l][Thiirane] (7) 
k_x + k2 
On the basis of the chemical arguments given above, the rate constant for thiirane release 
will greatly exceed alkene formation, or k.\ » ki. Thus the experimental rate constant k = 
K\k2. We propose that the two components of K\. which is «1, are a small, endothermic 
value of AH\° and a substantially negative value of AS°, the latter because two molecules 
unite to become one in this rapid equilibrium. The experimental values A if = AH\° + AH/ 
and AS4 = AS\° + A&*, can be analyzed in these terms. With the computed value AHi* = 
6.9 kcal mol"1 and A if = 10.0 kcal mol"1, AH\° = ca. 3 kcal mol1. This value, albeit quite 
approximate, is consistent with the proposal made. Offsetting the postulated negative value 
of ASi0, is a smaller effect of AS2, which we anticipate to be positive because it represents 
alkene dissociation. Evidently that event is not far advanced in the transition state because 
the experimental value of AS4 is negative. The values of A if and AH2 are substantially 
larger than the computationally-derived value of AH/ for step in which arsine attacks at 
the thio group, 1.1 kcal mol1. It is therefore clear why the alkene release step, rather than 
arsine attack, is rate-controlling. That is, the arsine attacks the ReVII(0)(S) intermediate in 
a reaction with a rate constant much higher than that of the preceding step. 
20 
Because [1-Thiirane] remains low, K\  has a small value. It is thus reasonable to 
suggest that A//i° is a minor contributor to A// and that A.9,° is substantially negative, 
making the dominant contribution to AS4. That is, the arsine attacks the ReVI1(0)(S) 
intermediate in a reaction with a rate constant much higher than that of the preceding step. 
Scheme 3. Proposed reaction mechanism 
Relative values of were obtained by the competition method described earlier. The 
analysis of these data by Hammett's method gives a reaction constant p = -3.0 ± 0.2 as 
shown in Figure 7. Such a large, negative value supports the designation of this step as 
being nucleophilic attack on sulfur. The next-formed intermediate is a Ph^AsS complex of 
rhenium(V), which releases this weak Lewis base rapidly as the S^Re bond is restored. A 
factor of three separates the values of k for CxS and PrS, corresponding to A AG* of 0.5 
kcal mol"1. The difference is too small to comment upon, particularly because k represents 
the composite 
S 
o 
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Figure 7. Hammett analysis of the relative rate constants for the stage at which AsArg 
attacks the ReVII(0)(S) intermediate. 
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Figure-Si. Stacked 'H NMR spectra taken during the reaction of 158 mmol L"1 AsPhg, 92 
mmol L"1 CxS, and 0.32 mmol L"1 of 1. Data were taken at 25 °C in cdci3 at intervals of 
5.0 min 
Table S-2: Variable Temperature Kinetics 
Temp Ph3As CxS D kobs k 
°C mmol L"1 mmol L"1 mmol L"1 -1 S L mol"1 s"1 
-5 150 80 0.65 0.00053 0.81 
5 150 80 0.65 0.0013 1.95 
15 150 80 0.65 0.0023 149 
20 150 80 0.65 0.0036 5.53 
25 314 92 0.32 0.0019 5.84 
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Figure S-3a. Stacked 1H NMR spectra were taken during the reaction of 150 mmol L"1 
AsPh3, 150 mmol L"1 (p-MeAr)]As, 95 mmol L"1 of cyclohexene sulfide, and 0.65 mmol L 
11. Data were taken at 25 °C in cdci3 at intervals of 1.0 min. 
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Figure S-3b. Plot of ' H-NMR resonance of CxS at ô 3.23 against time and first-order 
fitting for the experiment in Figure S-2a 
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Figure S-4a. Stacked *H NMR spectra were taken during the reaction of 75 mmol L"1 
AsPhg, 75 mmol L"1 (p-ClAr)3As, 95 mmol L"1 of cyclohexene sulfide, and 0.65 mmol L"1 
1. Data were taken at 25 °C in cdci3 at intervals of 1.0 min. 
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Figure S-4b: Plot of 'H-NMR resonance of CxS at ô 3.23 against time and the first order 
fitting. [(p-Cl-Ph)3As ]= 75 mmol L"1. [Ph3As]= 75 mmol L"1. [CxS] = 95 mmol L"1. [D]= 
0.65 mmol L"1 
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Table S4 : k(0bv) s"1 and rate constant (k ) L mol"1 s"1 of cyclohexene sulfide 
PhgAs/lO"3 M Cyclohexene sulfide/10"3 M 1/10"3 M W/io's"' k b /  L  mol" 1  s" 1  
68 44 0.34 1.7 5.0 
136 44 0.34 1.8 5.3 
196 44 0.34 1.88 5.5 
65 32 0.19 1.08 5.56 
65 62 0.39 2.26 5.79 
65 62 0.58 3.10 5.34 
300 250 0.34 2.00 5.88 
300 40 0.34 1.72 5.06 
198 66 0.32 1.61 5.03 
198 99 0.32 1.72 5.38 
198 156 0.32 1.62 5.06 
198 87 0.73 4.30 5.89 
198 142 0.32 1.62 5.06 
158 92 0.32 1.67 5.22 
314 92 0.32 1.87 5.84 
k(avg) 5.39+0.33 
a k(obv) calculated from exponential first order fitting of cyclohexene sulfide H-NMR 
signal during the reaction. 
bk = kobs/ [1] 
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Table S-3: Coordinates and absolute energies for transition state calculations 
PMeg 
B3LYP / LANL2DZ + 2f for Re, 6-31+(d)  for S, 0, 
and 6 -31(d) for P, C, H 
0 8 .0 -0. .67134362 -0. .02847836 -2 . 81213570 
Re 75 . 0 0. 38798517 0 . 25303277 -1. 54658091 
S 16 .0 2. 51766706 0 . 75101030 —2 . 36695766 
S 16 . 0 -0 . 79427320 0 . 34403196 0. 38696530 
S 16 .0 1. 38158929 -1. 73254073 -0. 76383424 
c 6 .0 0. 46431026 2 . 45183349 -1. 48540449 
c 6 . 0 3. 28642511 -0. 90750772 —2 . 64007521 
c 6 .0 3. 11692476 -1. 79163909 -1. 41928136 
p 15 .0 -1. 10558641 -1. 46195781 1. 81490481 
H 1 . 0 -0. 52799851 2 . 88873434 -1. 34873211 
H 1 .0 0. 88252759 2 . 81418705 —2 . 42761803 
H 1 .0 1. 11527717 2 . 81798363 -0. 67310005 
H 1 . 0 3. 77471471 -1. 47116888 -0. 62412792 
H 1 . 0 3. 33625722 -2 . 84517455 -1. 66597033 
H 1 . 0 2 . 82507205 -1. 35856152 — 3 . 53923774 
H 1 . 0 4 . 34597731 -0. 73936307 -2 . 86148095 
C 6 . 0 0. 00218488 -1. 48804176 3. 29178286 
C 6 . 0 -1. 36636746 -3. 26168680 1. 45088220 
C 6 .0 -2 . 72575378 -0. 96718878 2 . 53748393 
H 1 . 0 -2 . 68415070 0. 08478104 2 . 84775567 
H 1 . 0 -2 . 94229627 -1. 57880890 3. 43438339 
H 1 . 0 — 3 . 51611304 -1. 09398758 1. 81440461 
H 1 . 0 0. 99027514 -1. 90975022 3. 02738667 
H 1 . 0 -0. 44579825 -2 . 09977126 4. 07350254 
H 1 . 0 0. 15616822 -0. 47254476 3. 66045022 
H 1 . 0 -0. 41452432 -3. 75455213 1. 23171830 
H 1 . 0 -2 . 03553605 — 3 .  37810421 0. 57851702 
H 1 . 0 -1. 83952045 —  3 .  71881986 2 . 32912517 
Energy = -] 1928.151964 Hartree 
ZPE = 0.217235 Hartree 
Imaginary frequency = 94.28 cm"1 
30 
B3LYP/ LANL2DZ + 2/for Re, G3L basis for S, and P, 6-31 l+(2d) for O, and 6-
31(d) for C, H. 
E = -1928.322533 Hartree. 
r s f 
PMe3 
B3LYP / LANL2DZ + 2f for Re, 6-31+(d) for S, 0, 
and 6-31(d) for P, C, H 
S 16. 0 -1 .0923151118 1. 1042852869 -2. 4401743089 
RE 75 . 0 .4073224879 1. 6760024914 -1. 0725928008 
S 16. 0 2 .4960257739 1. 6679695843 — 2 . 1309239153 
0 8 . 0 - .3081711373 2 . 0909962151 5398224379 
S 16.  0 1 .2598421594 2153218049 0770480847 
C 6. 0 .6624829989 3. 7636546449 -i. 3554367345 
C 6. 0 3 .4472960618 1895245122 -i. 5460501468 
C 6. 0 2 .5131659599 9084262795 -i. 0807527233 
P 15. 0 - .9689138020 3. 7080248726 i. 5151170198 
H 1. 0 - .2824840156 4 . 2101291561 9948118029 
H 1. 0 .8260889760 4 . 0534609282 — 2 . 3973818112 
H 1. 0 1 .4911206722 4 . 1450781476 7487999673 
H 1. 0 3 .0621598473 — 1. 6845261533 5339730463 
H 1. 0 1 .9996751701 -1. 3730471414 -1. 9293079385 
H 1. 0 4 .0690400142 1396101450 -2. 3871962669 
H 1. 0 4 .1075770953 5140588262 7341902346 
C 6. 0 -2 .4970863533 2. 8695899206 2 . 0957977364 
C 6. 0 -1 .4544157305 5 . 5187456002 1. 5625295581 
C 6. 0 .2252661829 3. 5766861709 2. 9064496782 
H 1. 0 .5384796542 2. 5345409145 3. 0078469111 
H 1. 0 - .2220868753 3. 9191266901 3. 8471106646 
H 1. 0 1 .1077617304 4 . 1873905380 2 . 6913902489 
H 1. 0 -3 .2722383972 2 . 9476597309 1. 3265240026 
H 1. 0 -2 .8677620540 3. 3233243562 3. 0220732089 
H 1. 0 -2 .2832556445 1. 8117258756 2. 2653843046 
H 1. 0 -2 .1828657697 5. 7231856109 7717774083 
H 1. 0 - .5683789752 6. 1349582206 1. 3822728897 
H 1. 0 -1 .8945361300 5. 7915165600 2 . 5314495488 
Energy = -1928.119762 Hartree 
ZPE = 
.216544 Hartree 
31 
Imaginary frequency = 257.16 cm"1 
B3LYP/ LANL2DZ + 2/Tor Re, G3L basis for S, and P, 6-31 l+(2d) for 0, and 6-31(d) for 
C, H. 
E = -1928.29518 Hartree 
B3LYP / LANL2DZ + 2f for Re, 6-31+(d) for S, 0, 
and 6-31(d) for P, C, H 
H 1. 0 .3381423706 -1 .0015497276 2 .0025546379 
C 6. 0 -1 .0522619526 - .7509110974 1 .2196668254 
C 6. 0 -2 .0208233058 -1 .3516703832 — 1 .0598461209 
C 6. 0 -3 .2139430408 .3264237388 .4316209728 
C 6. 0 -3 .3756106248 - .8885180488 - .4928567165 
C 6. 0 -2 .3020244095 - .0099844783 1 .6212759688 
C 6. 0 - .9315327809 -1 .3859925222 - .0153710700 
H 1. 0 -1 .7069686552 - .6919560677 -1 .8804784186 
H 1. 0 -2 .7846217961 1 .1657490218 - .1310836385 
H 1. 0 -3 .8340600806 -1 .7140291910 .0699337050 
H 1. 0 -2 .8348946085 - .6680375280 2 .3272703246 
H 1. 0 - .0972039846 -2 .0656241451 - .1674856287 
S 16. 0 .2476358683 .6102538135 - .0097975081 
H 1. 0 -2 .1039382501 — 2 .3530719155 -1 .5019429645 
H 1. 0 -4 .1908318021 .6590776145 .8011519638 
H 1. 0 -4 .0582133903 - .6561835034 -1 .3182576227 
H 1. 0 -2 .0355562538 .8882124790 2 .1904864394 
RE 75. 0 2 .4912736019 .4257945521 .1880720976 
0 8 . 0 3 .0742112680 - .1179329239 -1 .2898765880 
S 16. 0 4 .3088019709 1 .1213658625 1 .4788693098 
C 6. 0 2 .3250449871 2 .6025714694 .0318497949 
S 16. 0 2 .2906944112 -1 .2888786541 1 .7875709244 
H 1. 0 1 .7060446993 3 .0117677278 .8373505080 
H 1. 0 1 .8501208121 2 .8635583107 - .9211169432 
H 1. 0 3 .3090156439 3 .0786761222 .0745322404 
C 6. 0 4 .9111707182 -.4601565419 2 .2274288347 
C 6. 0 3 .7714505546 -1 .1978098939 2 .9008719445 
H 1. 0 5 .3624194546 -1 .0702613968 1 .4382272219 
32 
H  1 . 0  5 . 6 9 0 6 0 9 5 8 0 1  - . 1 9 6 9 1 9 0 7 4 2  
2 . 9 5 2 6 3 6 1 4 0 5  
H  1 . 0  4 . 0 5 2 8 3 5 6 4 9 9  - 2 . 2 2 8 8 2 4 9 1 2 9  3 . 1 4 4 0 0 2 6 9 0 1  
H  1 . 0  3 . 4 6 8 6 9 3 8 3 6 4  - . 6 9 2 7 9 8 0 2 6 2  3 . 8 2 4 2 7 4 7 6 5 2  
Energy = -1701.683946 Hartree 
ZPE = . 251222 Hartree 
B3LYP/ LANL2DZ + 2/for Re, G3L basis for S, and P, 6-31 l+(2d) for O, and 6-31(d) for 
C, H. E = -1701.813677 Hartree 
Table S-4: Coordinates and absolute energies for ReVII(0)(S) and Re(V) proposed intermediates 
S 
rs,RkCH3 
US' x0 
B3LYP / LANL2DZ + 2f for Re, 6-31+(d) for S, 0, 
and 6-31(d) for P, C, H 
S  16. 0  -• 0  . 1 9 7 2 9 3 4 6 9 8  - 0  . 3 7 7 1 5 8 9 1 1 7  - 1 . 0 8 2 4 6 5 0 7 2 9  
R E  7 5 .  0  0  . 9 0 9 8 9 7 5 2 2 8  - 0  . 3 1 3 3 1 9 1 7 8 9  1 . 0 3 7 2 6 5 8 5 1 7  
0  8 . 0  0  . 2 8 1 2 1 2 9 4 9 6  - 1  . 1 5 0 0 4 3 9 3 6 0  2 . 3 6 6 2 5 2 4 1 1 2  
S  16. 0  -• 0  . 1 8 2 3 0 3 2 8 6 2  1  . 7 6 4 7 8 1 5 3 9 0  1 . 1 5 8 3 3 6 6 5 0 4  
S  16. 0  2 . 9 2 0 3 4 0 1 9 3 6  0 . 2 9 9 0 6 7 5 6 0 5  1. 2 9 3 3 7 6 4 0 4 6  
C  6. 0 1 .4178777794 -2 . 2 1 5 7 2 7 4 9 8 5  0 . 0 6 9 8 2 3 3 0 8 3  
C  6 . 0 -•1 . 6 2 2 1 8 3 8 2 5 0  1 . 7 1 1 7 9 4 7 0 6 0  0. 0 1 7 7 4 6 7 3 5 0  
C  6. 0 -•1 . 1 4 8 4 9 3 4 0 4 1  1 . 1 8 5 4 8 2 8 6 9 1  -1. 3 1 8 9 9 5 2 9 3 6  
H 1. 0 1 . 9 8 8 8 5 1 0 6 8 0  -2 . 0 7 6 6 3 0 0 8 1 8  - 0 .  8 4 6 8 6 5 3 3 9 7  
H 1. 0 0 . 5 0 8 6 3 6 1 2 5 9  -2 . 7 8 6 9 4 4 2 8 8 0  - 0 .  1 1 5 6 2 8 0 9 6 7  
H 1. 0 2 . 0 2 4 6 7 5 5 0 2 4  -2 . 7 1 4 6 2 7 9 3 2 3  0. 8 3 0 7 3 4 6 5 7 8  
H 1. 0 -•0 . 5 0 8 4 8 0 4 6 0 5  1 . 9 1 4 6 2 8 7 2 3 0  -1 .  8 2 6 0 5 3 8 9 8 2  
H 1. 0 -•1 . 9 9 2 5 6 9 6 8 9 6  0 . 9 4 1 3 6 3 2 1 8 8  -1 .  9 7 4 3 5 5 1 0 0 5  
H 1. 0 -•1 . 9 9 7 2 2 9 7 5 5 7  2 . 7 3 9 0 3 9 6 3 3 9  - 0 .  0 5 8 1 0 0 0 9 9 1  
H 1. 0 -•2 . 4 0 2 9 3 7 3 0 3 9  1 . 0 7 8 2 9 3 4 7 0 8  0. 4 4 8 9 2 6 9 3 3 9  
E = 
- 1 4 6 7 . 2 1 2 7 7  Hartree 
ZPE = 0.102987 Hartree 
B3LYP/ LANL2DZ + 2/for Re, G3L basis for S, and P, 6-31 l+(2d) for O, and 6-31(d) for 
C, H. E = -1467.34046 Hartree 
33 
O 
/—s' RelCH3 
US' S 
PMe3 
B3LYP / LANL2DZ + 2f for Re, 6-31+(d) for S, 0, 
and 6-31(d) for P, C, H 
0 8 . 0 — . 4 2 5 9 5 4 4 0 6 1  1 . 9 8 9 8 3 8 3 3 1 7  - 1  . 8 4 8 1 0 2 7 3 4 3  
RE 75 . 0 5 0 9 7 1 4 4 0 1 3  . 3 1 9 4 6 2 7 0 4 8  - 1  . 6 8 8 6 6 2 1 8 4 8  
S 1 6 .  0 -2 . 3 8 7 5 4 0 3 0 4 4  - . 3 4 4 1 7 2 1 0 7 2  -2 . 8 4 6 8 4 1 3 6 8 4  
S 16. 0 1 .  6 7 5 4 4 3 0 6 1 8  - . 2 0 0 8 8 3 5 7 8 3  - . 6 6 8 6 0 7 5 8 5 8  
S 16. 0 -1 .  6 1 3 5 3 5 1 4 7 7  - . 4 9 1 2 8 2 1 6 3 9  . 1 9 7 8 3 0 8 6 2 9  
C 6. 0 4 9 2 3 1 5 8 9 1 4  - . 6 7 1 1 0 7 5 6 7 0  -3 . 3 1 7 8 4 1 6 6 7 8  
C 6. 0 - 3.  7 5 2 8 5 9 9 5 2 9  - . 2 8 4 9 8 7 8 1 0 3  -1 . 5 8 9 9 8 6 0 8 7 8  
C 6. 0 - 3.  3 3 5 2 9 5 7 8 5 3  - . 9 9 4 7 9 4 9 6 6 4  - . 3 1 8 1 2 2 7 6 6 5  
H 1.  0 5 5 0 0 8 0 0 4 0 5  -1 . 7 4 0 7 4 9 6 9 3 4  -3 . 0 7 0 3 9 8 3 3 7 7  
H 1.  0 1 .  5181214347 - . 3 0 9 1 9 1 1 8 8 2  -3 .4659646055 
H 1.  0 0 5 6 9 1 3 0 4 8 7  - . 5 8 2 1 7 1 1 1 3 8  -4 . 2 6 1 1 8 3 2 2 3 2  
H 1. 0 -4 . 0 0 6 3 2 6 4 7 8 5  . 7 6 2 6 1 8 6 0 4 4  -1 . 3 9 4 7 3 2 1 9 0 4  
H 1.  0 -4 . 6 2 3 7 9 9 1 3 1 1  - . 7 7 5 8 6 8 4 3 3 3  -2 . 0 3 9 8 0 9 1 4 8 0  
H 1.  0 -4. 0 0 4 5 8 5 1 6 2 4  - . 7 5 8 6 5 6 7 7 2 5  . 5 1 6 7 5 3 0 6 5 0  
H 1.  0 - 3 . 3 2 4 2 1 3 4 1 4 1  -2 . 0 7 9 4 9 2 4 0 2 0  -.4661354645 
P 15. 0 1.  7 3 3 4 2 7 5 4 1 7  . 2 9 2 0 8 2 8 0 4 6  1 . 3 2 8 8 9 1 7 9 0 6  
C 6. 0 3. 4 9 1 8 6 5 6 3 3 6  . 5 3 9 7 3 6 0 9 2 8  1 . 7 7 3 7 8 6 9 8 4 5  
C 6. 0 1 .  1 1 5 9 2 2 2 5 1 1  - . 9 9 6 2 6 2 7 4 2 2  2 .4718311591 
c 6.  0 8 6 6 1 5 3 0 5 0 8  1 . 8 5 1 1 4 4 9 1 2 3  1 . 7 0 8 1 4 3 2 0 9 6  
H 1.  0 1.  6 6 4 7 8 0 4 9 8 5  -1 . 9 2 4 5 3 8 8 2 6 5  2 . 2 8 5 1 7 6 1 6 4 3  
H 1.  0 0 5 4 6 7 7 2 8 2 6  -1 . 1 6 8 7 8 8 0 7 5 2  2 . 2 7 8 3 8 0 6 1 3 4  
H 1.  0 1.  2 6 6 3 4 9 5 0 2 0  - . 6 8 3 1 1 4 8 8 1 3  3 . 5 1 1 6 7 9 0 1 4 6  
H 1.  0 1 8 2 5 4 2 8 2 2 4  1 . 7 6 1 5 2 8 6 4 0 7  1 . 4 0 8 6 1 3 5 0 2 7  
H 1.  0 1.  3 2 3 7 8 6 9 6 9 3  2 . 6 6 4 0 3 3 6 6 0 8  1 . 1 3 6 6 3 1 1 6 6 2  
H 1.  0 9 2 8 6 1 0 9 5 5 7  2 . 0 6 9 4 8 2 8 3 8 8  2 . 7 7 9 8 6 8 1 9 6 8  
H 1.  0 3. 5 7 9 3 1 6 9 2 7 3  . 8 3 8 4 8 3 7 6 7 7  2 . 8 2 4 7 4 2 7 1 1 2  
H 1.  0 3. 9 2 7 0 2 7 3 8 9 6  1 . 3 1 3 7 3 1 5 6 5 3  1 . 1 3 6 4 4 5 0 8 6 1  
H 1.  0 4. 0 3 5 4 0 8 3 9 3 2  - . 3 9 6 0 8 1 7 0 6 5  1 . 6 1 7 6 1 3 9 4 2 6  
E = -1928.195235 Hartree 
ZPE = 0.131544 Hartree 
B3LYP/ LANL2DZ + 2/"for Re, G3L basis for S, and P, 6-31 l+(2d) for O, and 6-31(d) for 
C, H. 
E = -1928.368 615 Hartree 
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S  
r S 'Re 'CH 3  Us' o I 
PMe3 
B3LYP / LANL2DZ + 2f for Re, 6-31+(d) for S, 0, 
and 6 - 3 1  (d) fo r P, C , H 
S 16. 0 3 2 6 5 1 4 9 8 0 7  2 . 3 4 5 3 8 6 7 9 8 9  -2 . 0 0 5 3 8 0 5 1 7 1  
RE 75. 0 5 4 6 4 8 7 4 3 7 5  . 2 9 6 3 6 4 9 4 3 3  -1 . 5 4 0 2 4 2 5 8 8 0  
S 16. 0 -2 . 2 7 4 6 5 6 5 8 0 7  - . 4 5 1 7 2 5 6 2 0 3  -2 . 7 8 5 1 2 1 5 5 0 0  
0 8 . 0 1. 1 7 4 8 5 8 4 0 7 6  - . 0 5 2 1 4 2 5 2 9 7  - . 2 7 1 0 0 3 3 3 2 1  
S 16. 0 -1.  8 1 6 6 2 1 1 0 0 4  - . 2 3 0 3 2 5 4 3 1 0  . 3 0 2 0 9 8 0 7 2 3  
C 6. 0 6 8 2 9 3 0 3 7 1 8  - . 9 6 0 1 9 2 4 3 3 3  -2 . 7 3 2 9 6 2 4 1 9 8  
C 6. 0 -3 . 7754247213 - . 3 1 3 3 3 5 7 6 6 0  -1 . 6 8 3 5 6 1 9 8 7 2  
C 6. 0 — 3 . 4 7 5 1 0 9 4 6 0 4  - . 8 5 0 3 2 7 6 6 4 4  - . 3 0 0 2 5 7 3 6 4 0  
H 1. 0 6 4 3 4 9 0 4 6 4 5  -1 . 9 6 3 9 7 2 9 8 6 4  -2 . 2 8 1 2 9 5 8 3 4 0  
H 1. 0 i. 7 2 4 9 7 9 3 4 7 6  - . 6 2 1 2 0 6 2 8 0 4  -2 . 6 7 7 4 2 0 9 7 2 5  
H 1.  0 3 6 7 5 4 6 5 7 0 5  — 1  . 0 4 5 6 9 7 3 7 6 0  -3 . 7 7 8 2 3 2 5 8 7 9  
H 1.  0 -4 . 0 5 9 4 7 6 7 6 1 4  . 7 4 3 9 7 0 9 8 2 7  -1 . 6 4 3 7 6 0 1 4 4 6  
H 1. 0 -4 . 5 8 0 5 7 1 2 2 4 9  - . 8 8 1 1 8 3 1 8 1 2  -2 . 1 6 2 4 5 6 3 8 0 9  
H 1.  0 -4 . 2 1 7 9 8 7 4 2 6 3  - . 5 2 2 9 9 7 0 1 0 0  . 4 3 5 4 0 9 7 7 4 8  
H 1.  0 — 3 . 4 3 9 0 0 6 2 9 2 5  -1 . 9 4 5 2 4 7 8 4 7 8  - . 2 9 8 7 0 2 3 9 5 7  
P 15. 0 1.  5 9 9 5 7 5 9 0 6 3  . 3 3 1 7 1 3 1 9 9 8  1 . 1 5 8 0 7 4 8 2 1 2  
C 6. 0 3. 3 8 6 7 2 8 9 5 9 5  . 6 8 1 7 7 3 8 4 3 2  1 . 1 5 7 3 8 9 7 3 2 6  
C 6. 0 1.  3 2 1 7 5 3 1 2 8 4  -1 . 0 2 9 4 1 3 5 6 4 8  2 . 3 3 6 2 8 3 0 3 6 6  
c 6. 0 7 7 1 2 8 5 0 7 3 4  1 . 8 1 1 8 6 1 6 5 2 1  1 . 8 1 6 8 3 7 1 3 4 7  
H 1.  0 1.  9 1 4 5 6 9 0 3 2 6  -1 . 8 9 7 4 1 5 7 8 5 6  2 . 0 3 0 4 2 9 9 2 7 2  
H 1.  0 2614041755 -1 . 2 9 8 9 6 8 2 4 0 5  2 .3105731743 
H 1.  0 1 .  6 0 5 2 9 1 9 1 1 4  - . 7 3 5 3 5 7 6 0 9 2  3 . 3 5 2 6 4 2 0 0 2 1  
H 1.  0 8 7 9 3 7 3 9 9 6 4  2 . 6 2 8 3 8 9 4 3 3 0  1 . 0 9 6 5 6 9 9 0 3 9  
H 1.  0 1 .  2 1 8 3 4 8 0 8 0 4  2 . 1 0 0 5 0 8 1 4 4 2  2 .7748417319 
H 1.  0 2 9 4 7 0 7 9 0 7 9  1 . 6 0 7 7 9 4 8 8 3 3  1 . 9 4 9 3 6 9 3 8 1 7  
H 1.  0 3. 7 4 6 8 0 2 1 5 0 0  . 8 9 3 7 9 7 8 5 2 6  2 . 1 7 0 3 5 6 5 2 1 0  
H 1.  0 3. 5 8 7 2 9 3 9 0 2 1  1 . 5 4 3 4 2 2 8 3 7 0  . 5 1 2 8 9 0 8 6 4 2  
H 1.  0 3. 9 2 0 3 3 9 1 8 4 9  -.1854753474 . 7 5 6 6 3 2 1 0 0 2  
E = -1928.194269 Hartree 
ZPE = .218832 Hartree 
B3LYP/ LANL2DZ + 2/for Re, G3L basis for S, and P, 6-31 l+(2d) for O, and 6-31(d) for 
C, H. E = -1928.3743473 Hartree 
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S  
r-S'RelCH3 
US' \ 
for Re, 6-31+(d) for S, 0, 
H 
B3LYP / LANL2DZ + 2f 
and 6-31(d) for P, C, 
H 1. 0 3 7 4 3 3 0 9 5 3 2  - . 8 6 7 5 1 6 5 8 1 1  2  . 0 3 4 0 7 2 4 5 7 6  
C 6. 0 -1 .  0 0 6 2 3 8 5 3 6 7  - . 5 1 0 1 0 2 5 6 9 8  1 . 2 2 3 2 7 7 5 5 4 7  
C 6. 0 -1 .  9 1 0 0 5 6 8 6 8 6  -1 . 2 1 5 6 0 7 8 7 2 9  -1 . 1 2 8 7 9 9 7 5 5 1  
C 6. 0 — 3 . 3 0 4 8 7 5 8 6 0 0  . 2 5 3 7 5 9 1 1 7 9  . 4 2 2 4 8 3 6 9 3 4  
C 6. 0 — 3. 3 0 4 1 0 6 8 3 9 7  - . 9 5 2 0 9 4 0 3 7 2  - . 5 2 6 7 7 9 6 9 8 9  
C 6. 0 —  2  .  3 8 1 7 3 9 0 2 1 5  - . 0 0 8 4 6 5 4 8 8 9  1 . 6 2 1 2 2 6 9 5 2 5  
C 6. 0 7 8 0 0 0 9 6 4 9 7  -1 . 0 9 3 1 1 6 4 9 2 1  - . 1 0 6 0 5 2 9 7 4 3  
H 1. 0 -1 .  7 2 1 6 1 7 0 2 9 1  - . 5 2 8 6 1 7 7 2 2 6  -1 . 9 6 1 3 9 8 3 3 5 5  
H 1. 0 —  2  .  9 8 0 1 2 0 3 4 2 7  1 . 1 5 5 8 8 7 8 2 2 2  - . 1 1 3 5 3 2 2 2 8 1  
H 1. 0 — 3. 6 3 5 4 6 2 8 8 4 6  -1 . 8 4 1 4 3 9 6 6 2 8  . 0 2 8 2 5 0 6 6 4 4  
H 1. 0 — 2  .  8 2 1 9 1 6 4 6 7 1  - . 8 0 0 3 6 1 8 0 1 4  2  . 2 4 7 0 4 4 0 8 7 4  
H 1. 0 0 2 1 4 5 2 4 2 2 4  -1 . 8 2 3 1 5 4 8 8 1 1  - . 1 8 1 4 6 7 0 6 3 6  
S 16. 0 0 0 5 7 8 6 7 9 2 5  . 6 3 4 7 4 4 3 2 6 8  . 0 9 3 8 0 2 4 6 1 2  
H 1. 0 -1 .  8 6 6 7 5 1 9 9 6 1  - 2  . 2 2 6 0 2 8 2 3 1 6  -1 . 5 5 2 4 4 7 8 4 2 7  
H 1. 0 - 4 .  3 1 9 8 7 7 6 6 5 4  . 4 5 2 1 9 3 7 6 4 8  . 7 8 6 0 8 1 6 7 4 7  
H 1. 0 - 4  .  0 2 6 2 4 1 7 3 6 7  - . 8 0 6 5 9 5 5 4 8 2  -1 . 3 3 8 4 2 5 6 0 2 0  
H 1. 0 -2 . 2 8 7 1 6 3 4 4 1 1  . 8 7 6 3 6 1 6 3 7 8  2 . 2 6 1 0 6 2 3 5 4 2  
RE 75. 0 2 . 4 9 1 2 1 5 2 1 6 6  . 3 9 1 4 1 8 7 6 3 5  . 2 5 4 3 0 4 4 9 4 3  
0 8 . 0 2 . 7 4 7 6 6 8 7 4 3 9  - . 3 3 0 6 4 3 0 6 2 2  -1 . 2 4 2 4 9 6 2 9 4 9  
S 16. 0 4 . 5 5 7 4 8 8 8 7 0 1  . 8 6 8 2 0 0 7 7 3 4  1 .1317651109 
C 6. 0 2. 3 1 0 1 4 6 8 9 3 3  2 . 5 3 1 4 1 3 2 2 0 1  . 1 0 3 0 9 8 1 5 3 8  
S 16. 0 2. 2 2 0 3 6 2 9 9 4 4  -1 . 0 2 4 8 2 3 8 7 5 1  2 . 0 6 6 8 9 0 7 4 7 1  
H 1. 0 1. 6606167 64 4 2 . 9 1 7 4 6 8 3 5 2 1  . 9 0 3 6 3 1 7 6 5 5  
H 1. 0 1. 8 2 6 4 9 2 8 8 0 7  2 . 7 8 9 7 1 6 3 7 0 3  — . 8 4 9 8 6 7 5 2 5 7  
H 1. 0 3. 2 6 5 9 8 8 3 3 8 9  3 . 0 5 9 1 4 0 0 8 5 1  . 1 6 6 0 6 7 7 5 9 3  
C 6. 0 4. 9 8 3 1 9 5 4 0 2 0  -.6541611851 2 . 1 0 6 6 5 2 6 4 0 3  
C 6. 0 3. 8 2 9 3 9 5 7 7 6 4  -1 . 0 3 1 7 0 8 9 2 5 9  3 . 0 1 3 0 5 2 5 7 3 3  
H 1. 0 5. 2 1 9 5 7 1 9 5 2 7  -1 . 4 6 4 5 0 8 7 7 1 6  1 . 4 0 8 9 8 1 3 9 9 7  
H 1. 0 5. 8 8 1 0 6 2 0 1 9 2  - . 4 2 1 2 4 2 8 2 6 8  2 . 6 9 0 9 6 5 3 1 2 0  
H 1. 0 3. 9 5 0 0 5 6 6 3 8 5  -2 . 0 3 7 2 3 1 3 8 7 3  3 .4304471019 
H 1. 0 3. 7 2 9 9 7 6 2 6 0 2  - . 3 1 4 4 8 2 0 3 4 1  3 . 8 3 4 0 4 6 2 8 1 4  
E = -1701.69353 
Z P E  =  . 2 5 8 8 3 2  
Hartree 
Hartree 
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B3LYP/ LANL2DZ + 2/for Re, G3L basis for S, and P, 6-31 l+(2d) for O, and 6-
31(d) for C, H. E = -1701. 824700 Hartree 
S-6: Macmol plot of the transition state and proposed ReVII(0)(S) intermediates 
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Chapter II 
Nucleophilic and Chain Pathways for Oxygen Atom Transfer Catalyzed 
by Methyl(dithiolate) Thiorhenium(V) Compound: Kinetics, 
Computations, and Modeling 
Katalin Ôsz, Abdellatif Ibdah, William S. Jenks, and James H. Espenson 
Ames Laboratory and Department of Chemistry, Iowa State University, Ames, IA 
50011-3111 
Email: wsjenks@iastate.edu; espenson@iastate.edu 
Abstract: A thiorhenium(V) compound having the formula MeReS(mtp)PPh3 where 
mtpH2 = 2-(mercaptomethyl)thiophenol catalyzes the oxygen atom transfer (OAT) reaction 
between pyridine TV-oxides and phosphines. The mechanism was studied experimentally by 
initial-rate and full-time-course kinetics, which established a complex reaction mechanism 
and computationally using DFT( B3LYP) . At lower PPh3 concentration, the rate law is v = 
& n"[ca t ] •  [PyO] 2 - [PPh 3 ] - 1 .  For  4-p icol ine  TV-oxide  (P icO) ,  £ N  = (4 .30  ±  0 .06)  dm 3  mol 1  s  1  in  
benzene at 25.0 °C; for 4-nitro-pyridine TV-oxide, = (3.3 ± 0.5) x 10 3 dm3 mol™1 s™1. The 
inverse phosphine dependence signals the removal of phosphine from the coordination 
sphere of rhenium prior to the rate-controlling step, which is the breaking of the covalent 
N-0 bond. The role of the second PyO in the rate law is attributed to its providing 
nucleophilic assistance to the RCS. When another nucleophile (Nu = Pic) is used, the rate 
law takes a new form v = &NA- [cat]• [PyO]• [Nu]• [PPh3]-1. For 4-picoline (Pic), &NA = (4.2 ± 
0.1) dm3 mol™1 s™1 in benzene at 25.0 °C. The ratio &n/£NA is almost unity. At relatively 
high PPh3 concentrations, the reaction adopts a chain pathway characterized by the rate law 
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v = Â:c• [cat]• [PyO]1 '2. For 4-picoline Af-oxide and 4-nitro-pyridine N-oxide, kc = (0.68 ± 
0.02) dm3/2 mol 12 s™1 and (3.5 ± 0.1) x 10 3 dm3/2 mof12 s-1, respectively, in benzene at 
25.0 °C. These findings indicate four and five coordinated intermediates. 
Introduction 
Oxorhenium(V) complexes catalyze oxygen atom transfer (OAT) reactions such as that 
in eq l.1"7 One catalyst is the previously-studied [MeReO(mtp)PPh3], 1, Chart 1, and its 
dimer, {MeReO(mtp)}2, 3, where mtpHa is 2-(mercaptomethyl)thiophenol. Practical 
(gram-scale) conversion of heterocyclic amine oxides to amines can be accomplished with 
1 and even more efficiently with 3.3 Studies have now been carried out pertaining to 
catalysis by 2, the thio-analogue of 1, one aspect which has been communicated 
previously.8 Catalyst 2 will be less useful practically because the rates are much less. In 
any event, the purpose of this work is not practical catalysis but gaining further 
understanding of mechanism and reactivity. Studies of OAT were carried out with 4-
picoline TV-oxide (PicO) and 4-nitropyridine A-oxide (NOz-PyO), or PyO in generic 
notation. 
PyO + PPh3 Py + Ph3PO (1) 
Chart 1. Structural formulas of catalysts 1, 2 and 3. 
Ph3P Me Ph3P Me CH3 
[MeReO(mtp)(PPh3)] 1 [MeReS(mtp)(PPh3)] 2 {MeReO(mtp)}2 3 
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The following issues have been explored. First, a chain reaction describes a pathway for 
catalysis by 2, but not by l.8 The data will be given in full, and their interpretation 
expanded to examine the mechanistic implications more thoroughly than was possible in 
our earlier communication.8 Second, in parallel to the chain reaction, 2 provides another, 
nucleophilic pathway that is analogous to the one adopted by catalyst l.9 Yet another 
process, minor but not entirely negligible, gradually transforms 2 into the considerably 
more reactive IThe balance between these pathways is controlled by reaction variables, 
primarily the phosphine and pyridine vV-oxide concentrations. Density functional theory 
calculations of the energies of participating species will be given as an aid to reconciling 
intermediates and reaction pathways. 
These studies must be considered in the light of the extensive data on molybdenum and 
tungsten oxotransferases and their synthetic mimics, which are based on high-oxidation 
state species, particularly Mo(VI), cf, and Mo(IV), d2.x0'n,n'2S These species are 
isoelectronic with those that are involved in rhenium catalysis, namely Re(VII) and Re(V). 
The analogies are suggestive but imperfect, however, in that the intervention of Mo(V) has 
been noted, whereas no role for Re(VI) has been found. 
Experimental Section 
Materials. Methyltrioxorhenium(VII), CHsReOs or MTO, was prepared from sodium 
perrhenate and tetramethyltin.29 Catalyst 2 was synthesized from MTO, 2-
(mercaptomethyl)thiophenol (mtpFL),30 triphenylphosphine, and p4s10, as given in the 
literature where its full characterization is also given.31 The Supporting Information gives 
the exact procedure used in this study. Other reagents were purchased from commercial 
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sources and used without purification. Solutions for kinetic studies were prepared in 
benzene or benzene-^. Reactions were carried out with precise temperature control at 25.0 
°C. 
When the concentration of the PyO was close to its solubility limit, a small but 
reproducible mixing effect was seen in the initial part of the absorbance-time curves, 
characterized by AAbs = 0.02 over ca. 200 s at 330 nm and 1.0 mmol L 1 PicO. The 
mixing effect is directly proportioned to the absorbance of the PyO solution and became 
negligible at [PicO] <5.0 x 10 4 mol dm™3. This effect was taken into consideration at the 
higher PyO concentrations and in case of initial rate measurements. 
Kinetic and Spectroscopic Data Acquisition. Shimadzu scanning spectrophotometers 
(UV-2501PC, UV-3101PC) were used to record UV-Vis spectra and kinetic curves in cells 
with 1 cm and 1 mm optical path lengths. Because the products and triphenylphosphine do 
not absorb significantly in comparison to PyO in the region 330-360 nm, the reaction 
progress was monitored from the intensity of the pyridine N-oxide absorption; PicO and 
NO?-PyO have £330 9.45 x 102 and £352 1.5 x 104 L mol1 cm™1, respectively. In some 
cases, the concentration of 2 was monitored at its CT band at 514 nm (E 1.34 X 103 L mol1 
cm™1). 
Varian VXR-300 MHz and Bruker DRX-400 MHz spectrometers were used to obtain 'H 
and 31P NMR spectra. The ]H chemical shifts were measured relative to the residual 'H 
resonance of benzene-^. The chemical shifts for 31P spectra were referenced to 85% 
h3po4 by the spectrometer. The characteristic 31P NMR chemical shifts, ô, in CgD^ are: 1, 
27.82,31 2, 22.8; PPh3, -4.44; Ph3PO, 25.66; and Ph3PS, 43.59. 
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Kinetic Measurements. Initial rates (v;, mol L*1 s ') were obtained from the absorbance-
time data. One method of evaluating v, was to fit the absorbance-time curves with the least-
squares program Scientist32 to a fourth-, fifth-, or sixth-order polynomial. The leading 
coefficient of the polynomial, mi of eq 2, represents the value of v',.33 Alternatively, the 
first 5-10% of the full absorbance change was fit with a linear equation to give m\ as the 
slope. Values of m\ were converted to initial rates using the molar absorptivities of PyO. 
Abst = Abs0 - mj-t -m2-t2 - m3 -t3 -  m4-14. . .  (2)  
A full time-course analysis was applied to the experimental progress curves in many 
experiments. For such calculations it is necessary first to obtain the concentration of the 
limiting reagent from the absorbance. The concentration of the limiting reagent, whether 
PyO or ppi13, was calculated according to 
Under the different concentration limits studied, the reactions followed pseudo-second-
, pseudo-first-, pseudo-negative-first- or pseudo-half-order kinetics with respect to the 
concentration of pyridine TV-oxide or triphenylphosphine, other variables being constant. 
The differential and integrated forms of the rate equations are defined in Table 1. The 
reaction order with respect to time is shown as the left superscript on k^„ following the 
IUPAC recommendation.34 
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Table 1. Differential and integrated rate laws that pertain under different concentration 
limits 
Apparent Differential Rate Law Integrated Rate Law 
order 
2 d[PyO] 
d t 
%[PyOf [PyO], 
r^
f 
+
 
o
 II 
1 d[PyO] 
d t 
%[PyO] [PyO], I
I I X 1 i 
-1 i n 
O
 
T3 
&^ = -\[PAr,r [PAr3], 
>
 
<N 1 < II 
1/2 d[PyO] 
dt 
"%[PyOf [PyO], - (ViPyO], j 
Computational Method 
Computations were carried out using the hybrid density functional B3LYP. B3LYP 
calculations were carried out using GAMESS. All quoted energies are without temperature 
correction. All structures were confirmed as minima by calculating vibrational frequencies 
and zero point energies are unsealed. All of structures optimized with DFT(B3LYP) using 
LANL2DZ ECP augmented with 2/polarization functions. 6-31+G(d) for S, O and 6-
31 G(d) for C and H. The zero point energy calculated with the same basis sets and level of 
theory. The energies were refined with single point energy calculation at the previously 
optimized geometries using the same basis set for Re and improved basis sets for other 
atoms: G3Large basis S and P, 6-311+G(2d) for O & N, and 6-31G(d) for C & H.35-40 
Results 
Catalyst Stability. Catalyst 2 is stable in the solid state, but less so in solution. After 
some weeks, partial decomposition was detected by 31P and 1H NMR. Among the 
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decomposition products are PhjPS, PPhg, MeReOg, CyH6S2 (the cyclic disulfide of mtp) 
and perhaps MeReC^S. Both PPhg and PyO react separately with 2, but these reactions 
occur very slowly compared to OAT; decomposition of 2 does not take place under 
conditions typically used for OAT catalysis, say 10 3 mol dm 3 of 2 and 10 2 mol L"1 of 
PicO, where t\a is ca. 2 h. Under these conditions the half-time of decomposition is ca. 2 
days. Nonetheless, we carried out some measurements, mainly by NMR spectroscopy. The 
reaction between 2 and PyO yields the decomposition products MeReOg, Py, PhgPS, eq 4, 
along with small amounts of MeReO2S, MeReOSz, and Ph3PO. Additionally, as we came 
to understand the catalytic mechanism, we have inferred that this reaction likely occurs by 
way of in the catalytic cycle. 
MeReS(mtp)PPh3 (2) + 3 PyO -» MeReO] + 3 Py + PhgPS + CyHaS? (mtp) (4) 
At [PPh3] >1 mol L"1 the otherwise negligible reaction between it and 2 became 
important. One group of OAT experiments were carried out under such conditions, and so 
we made NMR measurements at higher concentrations of 2 and PPh3 in ordinary (non-
dried) benzene-^6- The product was 1. Although the reaction is difficult to study because 
both 1 and 2 are undergoing decomposition over the long times, the rates were similar 
under air and argon. And so we surmise that the oxygen found in 1 arises from adventitious 
water and not atmospheric oxygen, 
MeReS(mtp)PPh3 2 + H20 MeReO(mtp)PPh3 + H2S (5) 
OAT: General Observations. Reaction 1 is substantially exothermic, AH° = -61kJ mol 
1 for PyO = 4-PicO,41-43 and very close to that for PyO in general because the values of 
BDE (Py-O) and thus the enthalpy changes in eq 1 are not greatly dependent on ring 
substituents.44 Because reaction 1 is symmetric, the approximation ASi° = O will not be far 
amiss. Thus AG\° s AH\°, or = >1044. With UV-vis, 31P NMR, and 'H NMR 
spectroscopies it was shown that no reaction occurs over long times indicating a large 
kinetic barrier. Indeed, no discernible reaction occurred between 4-PicO (0.11 mol L"1) and 
PPh3 (0.12 mol L"1) occurred in nine months at 298 K in benzene. At a conservative limit 
of <5% conversion, the uncatalyzed reaction has &298 < 10"8 L mol"1 s"1. The kinetic barrier 
to direct reaction can be rationalized in terms of two contributions. First, both of the 
reactants follow the octet rule; their closed electronic shells can be expected to reduce the 
extent of their interaction in the transition state. The second and perhaps more important 
factor is that nucleophilic attack of :PPh3 on the oxygen atom of rc5h4n-O" is highly 
disfavored by the indicated charge interaction. 
Preliminary experiments were carried out on reaction 1 for 4-PicO with the thio 
compound 2 as catalyst. The following features were immediately obvious: First, 2 does 
catalyze reaction 1, although it is much less active than 1; second, sulfur atom transfer does 
not occur. The exclusive products are Pic and Ph3PO; such that the following reaction is 
not a factor. 
MeReS(mtp)PPh3 (2) + PicO + PPh3 —> MeReO(mtp)PPh3(l) + Pic + Ph3PS 
(6) 
The nonoccurrence of reaction 6 was established spectroscopically. The visible spectrum 
of green colored 1 with /-max/nm (e/Lmol^cm1) 606 (1.9 x 102) in benzene is notably 
different from that of red-colored 2, 514 (1.3 x 103). The *H and 31P NMR signals of 1 and 
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2 are also characteristically different, which allows a direct determination of which 
rhenium compound is present. 
Initial Rates. Treatment by the method of initial rates, despite being of lower precision 
than the analysis of the full time course data, was used at the outset because of complex 
kinetics patterns. The initial rates were determined over a considerable range of 
concentrations of 2. Displays of the results are thus properly made on a double logarithmic 
scale, log (v;) against log (C). The reaction is first-order with respect to [2] under all 
measured conditions, Figure 1 
-5.0 
g -70 
-9.0 
-7.0 -6.0 -5.0 -4.0 
log [2] 
Figure 1. Oxygen atom transfer from PicO to PPh3 shows a first-order dependence on 
catalyst concentration over a 1000-fold variation. Conditions: 1.1 mmol L'1 ppi13, 1.0 
mmol L"1 PicO 
The dependence of the initial rate upon [PPh3] is more complicated. Figure 2 shows three 
discernible regions. In the absence of PPh3, no OAT reaction occurs. The rate rises with 
increasing [ppi13] until ca 10"3 7 mol L"1; this is designated Region A. The rate in region B 
falls in inverse proportion to [ppi13] until ca. 10"3 mol Lf1; above that, in Region C, the rate 
z / / 
Slope = 1.04 ±0.03 
[ - /  ~  
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remains independent of [PPhs] to the highest concentration studied, 10~2 mol L 1. The 
values of [ppi13] cited refer to a particular [PicO], 2.0 x 10~4 mol L"1. As the inset to Figure 
2 shows, the actual range of [ppi13] for Region B depends on the ratio [PicO]:[PPh3], At a 
higher [PicO], 8.3 mmol L"1, Region B covers a wider range of PPh3. The slope of the log-
log plot gives the order respect to [PPI13] as -0.93 ± 0.03 in Region B. For Regions B and 
C together, the dependence of Vi on [PPh3] is accurately described by eq 7, where, as 
mentioned above, a and |3 depend on [PyO], Variation of concentrations in the region 
where [3 makes the major contribution established a second-order dependence on [PyO]. 
v,={s[PPh,r'+«}x[2] (7) 
-6.4 
—_-6.8 
O) 
o 
-7.2 
-7.6 
-6.0 -5.0 -4.0 -3.0 -2.0 
log [PPh3] 
Figure 2. Plot of log (vj) vs. log (|PPh3]) with 0.20 mmol L"1 of PicO and 21 umol L 1 of 2, 
illustrating Regions A, B, and C. Inset: the same plot for Region B only with 8.3 mmol L"1 
PicO and 0.23 pimol L"1 2 
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Further measurements in Region C were needed to establish that the reaction rate really 
is half-order with respect to [PicO]. Because saturation curves in kinetics are fairly 
common, studies over a narrower concentration range might coincidentally lie in the region 
where the transition in reaction order is occurring. So, to establish the half-order 
dependence securely,45 experiments were carried out over a factor of 2 x 104 in [PyO], 
giving the results depicted in Figure 3. Because the variation of [PicO] was so wide, the 
half-order form in Region C must be accepted. 
0 
-
1 
_c Q_ Q_ I "2 
O) 
o 
-3 
-4 
-6 -5 -4 -3 -2 -1 
log [PicO] 
Figure 3. Plot of log (^/[Catalyst]) vs. log ([PicO]) in Region C. The plot shows data from 
NMR (hatched squares) and UV (filled circles) kinetic determinations, with 3.5 (UV) or 
500 (NMR) mmol L-1 PPh3 and 37 (UV) or 10 (NMR) umol L"1 2 
To confirm this point further, full time-course analyses were applied to kinetics data 
obtained by 'H NMR measurements, where the chemical identities and concentrations of 
reactants and products could be monitored explicitly. Such data taken in Region C were fit 
!— 1 
Slope = 0.53 ± 0.01 EB 
• 
-
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to the half-order equation in Table 1. The pseudo-half-order kinetic fits were of high 
quality, which confirms the [PyO]12 dependence. Thus the rate equation in Region C is vc, 
is thus 
vc = yQ] = U2][PyOf2 (Region C) (8) 
at 
where k,* designates the rate constant for the chain pathway in Region C. Analysis of the 
full set of data provides these values of kch/L3/2 mol"'2 s"1 : (3.5 ± 0.1) x 10"3 for 4-nitro-
pyridine N-oxide and (6.8 ± 0.2) x 10"1 for 4-picoline TV-oxide in benzene at 25.0°C. 
The form of eq 8 implicates a chain pathway in Region C, as communicated earlier.8 The 
chain mechanism cannot be studied at lower PPhs concentrations, however, because under 
those conditions, a different pathway in Region B becomes dominant because it has 
inverse dependence on ppi13. Consequently, the reaction follows second-order kinetics 
with respect to [PyO]. The rate remains independent of the concentrations of the products, 
Py and pi13po, up to concentrations 102-times larger (ca. 0.03 mol L"1) than those produced 
by the reaction. At substantially higher Py concentrations, 0.3 mol L"1, the rate law changes 
to a form with first-order dependences on [PyO] and [Py]. The full two-term rate law is 
thus 
Values of k^/L mol"1 s"1 are (3.3 ± 0.5) x 10"3 for 4-nitro-pyridine TV-oxide and 4.30 ± 
0.06 for 4-picoline A'-oxide in benzene at 25.0°C. The same rate law applied to catalysis by 
1, where the respective values of &N are 1.8 and (1.50 ± 0.05) x 104 L mol"1 s"1. 
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Discussion 
Computational Chemistry, Rhenium Compounds and Intermediates. To guide the 
interpretation of the kinetics, DFT calculations have been carried out on several 
compounds. Because excessive computational time would be required were the actual 
complexes used in every instance, certain simplifications were made when possible. Thus 
1,2-ethanedithiolate was used instead of the dianion of 2-(mertaptoethyl) thiophenol (mtp) 
Also, PMe3 was used in place of PPh3. The structural formulas of the actual compounds for 
which calculations were performed are depicted in Chart 2, the entries being the species 
pertaining to different aspects of this study. The compound numbers given as 1', 2\ 3', etc. 
specify the edt and PMe3 substitutions, which makes obvious the compounds intended for 
consideration in the actual chemistry. The designations 1* and 2* are the geometric 
isomers of 1 and 2. 
Chart 2: compounds for Computational Studies 
/ o \ /~s~\ r$\ S.m,S S.m,S S- MUS 
Re Re Re. 
Me3P Me Me3P Me Me 
S.m,s S.m,S S^S 
Re.„ Re,, Re. 
PyO' Me pyo' Me Me 
*2 *21 *31 
r~\ 
s. ,s s. ,s s. 
0ReMe S'Re Me Me3P-oHeMe 
PMe3 PMe3 pv' 
/ \ r$\ S. ,S S.m,S 
Me3P-S'H® Me pyQ'R|6Me 
Py' pMe3 
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OAT Mechanism: Nucleophilic Pathways in Region B. We have published 
extensively on this subject.2'49,46 The set of reactions shown in Scheme 1 accounts 
completely for the data pertaining to catalysis by 1. 
Scheme 1. Nucleophilic Pathway for Catalyst 1. 
S J J +py°— +pph3 
Ph3P/ e^Me pyQ/ "Me 
[MeReO(mtp)(PPh3)] 1 PyO 
Ph3PO-
PPhc 
k2 
Py + PyO 
PPh, 
Me" %) 
Me/ xOPPh3 
It was a facile presumption on our part that reaction 1 would proceed in just this way 
with 2. Both experimental and computational results have, however, ruled out the 
involvement of the analogous rhenium(VII) intermediate. This conclusion is drawn from 
experimental data in our study of the de-sulfurization of thiiranes (thioexpoxides) with 
phosphines and arsines, catalyzed by the dimer {MeReO(edt)}2, the edt analogue of 3. 
g Cat. {MeReO(mtp)}2 
+ PAra/AsArs • / + Ar3PS/Ar3AsS (10) 
R/™™ R 
The thiirane reaction produces exclusively the sulfides of the Group 15 compounds, not 
the oxides. Further, {MeReO(edt)}z, by NMR, remains in this form throughout the 
reaction; it is not converted to a thio-oxorhenium(VII) species. Moreover, the rate of 
reaction 10 remains high. Were a monomeric catalyst formed, the rate would have dropped 
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by ca. 100-fold. Clearly, these findings suggest that a thio-oxorhenium(V) in reaction 1 
reacts as shown in eq 1 la, not lib, 
(11a) 
Re 
% 
Me/ XSEAr, 
1:111, + Ar3ES Re 
Me EAr3 
Re Re 
Me Me OEAr 
+ Ar,EO 
(lib) 
EAr3 
The conclusion we presented by eq 11 was supported by computational studies. The 
activation enthalpies of each version were computed using the model compounds 
[MeRe(0)(S)] + PMe3. They are 17.8 and 1 kcal mol"1 for attack at O and S, respectively. 
Whereas Scheme 1 is still held to be valid for catalyst 1, modifications are needed for 2. 
Our suggested mechanism is presented in Scheme 2. The significant difference, which 
traces to variations among the BDEs of Re=E, PyO-S, and Ph3P=E, directs the nucleophilic 
attack of PyO towards the thio group. With 2, no oxo-thiorhenium(VII) species intervenes, 
consistent with the products formed and the computational results. This constitutes the 
main contrast with 1, where dioxorhenium(VII) is an intermediate. 
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Scheme 2. Suggested Nucleophilic Mechanism for Catalyst 2. 
Ph3l 
[MeReS(mtp)(PPh3)] 2 
Ph3POr 
PPh/ 
Pyd k2 
Py + PyO 
Ph3PO Me 
J /S 
PPh3 
PyO 
OAT Mechanism: Chain Pathway in Region C. Thanks to the unusual form of eq 8, 
conform with the experiments are limited. The zero-order rate dependence with respect to 
PPhs indicates that in a chain propagation step one of the intermediates reacts with ppi13 in 
a second-order reaction and another intermediate decays in a first-order process. The 
mechanism that we assign to the chain pathway is presented in Scheme 3 with, for 
simplicity of representation, edt shown in place of mtp. In the sense of a reaction scheme, 
it is the same as suggested in the earlier communication.8 In light of the information 
gleaned from the desulfurization studies,47 however, the chemical structures were revised 
so as to avoid an oxo-thiorhenium(VII) which phosphine would certainly attack at oxo. 
Further, for reasons borne out by the computations, six-coordinate rhenium species are not 
being suggested in the reaction mechanism. 
in which the rate is proportional to [PyO]12, the kinetic schemes and mechanisms that will 
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Scheme 3. Suggested mechanism for the chain pathway 
S. Me 
^Re^ + PPhs 
sZ Xpph= 
SPPh3 
./ PPh, 
SPP^ 
Me 
Re + PPh 3 Ki 
.Me 
xRe 
x 
+ PyO ~ 
PPh3 
SPPh3 
opy 
K, 
Me 
Re z 
'in it 
O Py /(tern 
Re 
Me / + 
SPPh3 
S I Me 
>< 
_/ OPy 
SPPh3 |; ,Me kz 
Re / 
x- Y OPy Py 
SPPh3 
I  M e  P P h ,  
Aef 
O fast 
Ph3PO + 
/ Me Re + pph3 
Re Z 
Me fost 
SPPh, 
Me 
Re / 
.PPh, 
/Me 
L""b * :PPh, 
PyO 
J^ -PPhs 
S \ J î l  ,Me 
Re 
g/ OPPh; 
SP Ph3 
/ OPy 
To derive the rate law for this mechanism, two constraints must be satisfied. The 
mathematical form derived from the model must be consistent with eq 8. Further, the 
structures of the intermediates and their postulated reactions must be reasonable ones, 
substantiated by precedent or independent data. These factors reduce the number of 
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possibilities, which is fortunate in that the mechanism should thus be able to be defined 
rather well. Scheme 3 presents the structures being suggested for the intermediates. 
Three simplifications are valid. First, 2 is the only rhenium species that can be detected 
by ]H NMR spectroscopy during the experiments. Thus [Re], = [2], and the steady-state 
approximation for the concentrations of the intermediates will be valid. Second, the overall 
stoichiometry is so precise that the long-chain approximation will be valid. Accordingly, a 
summation of the three propagation steps gives the net reaction and, in particular, this 
treatment leads to the result that the rates of the propagating steps, vpr0p, are equal to one 
another. Third, it has been shown that the first ligand substitution step, represented by K\, 
is sufficiently rapid as to be taken as an equilibrium. The Appendix gives the derivation of 
the overall rate equation, which is 
Comparison of eq 8 and 12 allows the identification of kCh as a composite of equilibrium 
and rate constants. Initiation and termination are also the forward and reverse of one 
another, but that step is most assuredly not at equilibrium during the catalytic turnovers, 
because while Vjmt = vterm, both are « vpr0p. 
Experiments were performed to trap the proposed four-coordinate intermediate I, with 
the bidentate chelating ligand 2,2'-bipyridine. The addition of a relatively high 
concentration of bpy, ca. 0.235 mol dm"3, significantly slows the reaction by a factor of ca. 
10. Control experiments using 1 as catalyst in Region B, where only five- and six-
d[PyO] \k^kAKxK. [2] [PyO]1 (12) 
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coordinate intermediates are present, showed that bpy cannot trap those intermediates, in 
fact bpy slightly increases the speed of the reaction through its nucleophilic assistance.4 
Further initial rate and full-time kinetic measurements showed that Py and Ph3PO - even 
when added in 100 times higher concentration (ca. 0.03 mol L"1) than the amount of Py and 
Ph3PO formed in the OAT reaction - have no effect. However, at very high Py 
concentration (ca. 0.3 mol L"1) the nucleophile-assisted mechanism in Region B becomes 
dominant because the rate increases linearly with the concentration of nucleophiles. 
Region A. Consider the effects of PPh3 concentration on the rate. Data in Region A are 
the least amenable to interpretation. At modest but low [PPh3J in Region B, the rate 
adheres closely to an inverse-first-order phosphine dependence, eq 9. Clearly, this cannot 
be extrapolated to indefinitely low concentration. There must be a region in which the k3 
step of Scheme 3 becomes so slow that it is then rate-controlling. Under such 
circumstances, the rate would show a direct, first-order dependence on [PPh3]. 
Computational Studies of Reaction Pathways and Intermediates: Comments on 
Region B: Reaction rates with Me(mtp)ReOPPh3 (1) as the catalyst are much higher than 
those realized with Me(mtp)ReSPPh3 (2) in region B. In the nucleophilic path, the first step 
is ligand substitution of PyO and the catalyst. Its rate is directly proportional to the 
electrophilicity of the Re(V) center and nucleophilicity of PyO. The electrophilicity of the 
rhenium atom in 2 is much less than that in 1 because thio group has a greater ability to 
donate electron density to stabilize rhenium(V). The effect of thio group is illustrated by 
Mulliken charge analysis (Table 1) of Me(edt)ReEPMe3 (E= 0,S) as models. 
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Table 1: Mulliken Charge analysis of the Me(edt)ReEPMe3 E=0,S 
Charge ,Re Charge,E 
rSReCH3 C-S >Me3 0.07 -0.47 
Cskl -0.45 -0.08 
csM -0.18 -0.13 
0.32 -0.49 
Also, the rhenium atom in [MeReS(edt)(PMe3)], the model for 2, has a higher electron 
density than thio ligand. We propose that the second PyO molecule will interact more 
with the thio group to provide greater nucleophilic assistance to the deoxygenation step. 
This will protect the thio group from attack by PPh3, thus accounting for transfer of 
oxygen instead of sulfur. 
Computational Studies of Reaction Pathways and Intermediates: Comments on 
the Chain Pathway in Region C. The possibility that six-coordinate 4' might be an 
intermediate was ruled out. Attempts to find energy minima for this and any other six-
coordinate structure failed. Inevitably the axial PMe3 or other ligand dissociated to form 
the most stable five-coordinate structure. The optimized structure was five-coordinate, 
regardless of the axial ligand for which calculations were performed. Instability of six-
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coordinated intermediate can be also account to greater ability of thio group to stabilize 
Re(V) center. This is one reason why the previously-proposed mechanism8 for the chain 
pathway was revised, along with the more recent experimental studies47 showing that 
neither the preservation of 2 nor the stoichiometry could have been valid had oxo-
thiorhenium(VII) intervened. 
Computational study on Me(edt)ReOPMe3 V and Me(edt)ReSPMe3 2" shows TT* 
(LUMO) of V higher in energy than n* of 2" (Figure 1). Higher energy of Re=0 n* will 
limits the nuclephilic attack on Re=0 bond. Higher energy of Re=0 tt* imply stronger 7t 
bond than Re=S it which consistent with the calculated Re=0 (162 kcal/mol) and Re=S 
(128 kcal/mol. Lower n* Re=S make nucleophilic attack more energetic accessible to n* 
Re=S bond. During the catalytic cycle, oxorhenium(V) complexes are not reduced to 
rhenium(lll) by PPh3, which agrees with the calculated BDE for Rev=0, 162 kcal mol"1 
and relatively high n* Re=0 energy. In Me(mtp)ReSPPh3, Ph3P has accessible pathway 
to Re=S 7t* and that explain formation chain path initiator 1% at [Ph3P] > 10"3 M. Of 
course the involvement of PPI13 as both reactant and product of the K\ and K2 equilibrium 
steps renders the rate of the chain pathway phosphine-independent. 
gg-g Re-Orr (LUMO) 
p^p:(HOMO) 
18 kcal 
Re-S Jt"(LUMO) 
n (dxy) HOMO n (dxy) HOMO 
r-s'L^CH3 rS,Re'xCH3 
Ls' 8>PMe3 Us' >PMe3 
Figure 1: Molecular orbital picture and relative energy of HOMO and LUMO orbitals 
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Computational studies show that the four-coordinate intermediate is 7 kcal mol"1 more 
stable than its oxo analogue towards release of MesPO, eq 13. This stabilization arises 
because the thio ligand is more able than oxo to donate electron density to Re(V). The 
Mulliken charge analysis listed in Table 2 summarizes these effects. 
[MeReE(edt)(OPMe3)] [MeReE(edt)] + Me^PO (13) 
Table 2: Mulliken Charge analysis of the four and five Re(V)=E (E=0,S) 
Charge ,Re Charge,E 
^PMe3 
Cs"'e'CH3 
s^PMe3 
0.04 -0.69 
-0.17 -0.19 
C^CH3 0.38 -0.52 
Cs^ 'CH3 
-0.16 -0.07 
fSR"eCH= 
US' 0-PMe3 
-0.16 -0.12 
S . S .CH3 
1 - S 0"PM©3 
0.32 -0.48 
The four coordinated intermediate I3 reacts with PPh3 from sulfur side to form Ii (A4 
step) not from Re(V) to regenerate the catalysis is a reasonable step. Mulliken charge 
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analysis shows higher electron density on Re than thio ligand will drive PPI13 more 
toward thio group and this support our assumption in k4 step 
Conclusion. The OAT reaction between pyridine TV-oxides and triphenylphosphine 
takes place by parallel pathways. Each pathway depends on the concentration ratio of the 
pyridine N-oxide and triphenylphosphine. First Pathway is the nucleophilic assistant 
mechanism. Second Pathways is chain mechanism path. Density Functional Theory (DFT) 
calculations have been done on the reaction intermediates to gain further understanding in 
the reaction mechanism. 
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Appendix: Derivation of the Rate Law for the Chain Mechanism, Scheme 3. 
Because 2 remains at its initial level throughout and was the only rhenium compound 
detected by NMR, the steady-state approximation applies to this system. Thus this relation 
is valid, where concentration brackets have been omitted: ReT = 2 » Ii + I2 + I3 + I4. The 
steady-state equations for the intermediates, when written in terms of velocities (i.e., v4 
replacing ^I3PPh3, and so on) are as follows: 
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I] —Vinit + Vtenn 0, => Vinit Vtenn (A-l) 
II' = "Vinit + Vtenn + V4 - V5 = 0, => V4 = V5 (A-2) 
I3' = Vinit - Vtenn + V3 - V4 = 0, => V3 = V4 (A-3) 
I4' = Vinit - Vtenn ~ V4 + V5 = 0, => V3 = V5 (A-4) 
Simultaneous solution of these equations results in the following expressions, 
*«1,1= - <A-5) 
The two initial in Scheme 3 are at equilibrium; they combine to give this form, 
2 2 + PyO = I, + I2 + PPh3 (A-6) 
which gives this result, 
(A-7) 
3 
Simultaneous solution of eq A-6 and A-7 gives this expression for I4, 
I x 2 x yjVyÔ (A-8) 
The overall reaction rate along the chain pathway takes the following form, in agreement 
with eq 8 and 12, 
V = y4 = X 2 x VPyÔ (A-9) 
term 
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Chapter III 
Theoretical Studies of Rhenium(V) Catalysts and a Rhenium(VII) 
Intermediate in Oxygen and Sulfur Atom Transfer Reactions 
Abdellatif lbdah, James H. Espenson*, and William S. Jenks* 
Ames Laboratory and Department of Chemistry, Iowa State University, Ames, IA 
50011-3111 
Email: wsjenks@iastate.edu; espenson@iastate.edu 
Abstract: Dithiolate rhenium(V) oxo and thio complexes and Re(VII) (ReVII02 and 
ReVIIOS) intermediate have been studied computationally using DFT(B3LYP). The 
analysis of Re=E bond (E= O, S) shows that the two lone pairs (Px, Py) on oxo and thio 
ligand are strongly polarized to Re(V) and Re(VII) center forming partial n bond, which 
agree with the bond order analysis 2( 1 o + 2 partial n bond). The lone pairs on thio ligands 
are less polarized than oxo one. Rev=0 and Rev=S bond strength are calculated to be 
approximately 163.7± 1.8 kcal mol"1 and 123 ± 3 kcal mol"1, respectively. ReVIi=0 and 
RevlI=S are also calculated to be 118.7± 1.2 kcal mol"1 and 80.5 ± 3.5 kcal mol"1, 
respectively. Calculated oxo and thio rhenium bond strength and thermochemistry of OAT 
cycle support that ReVII02 and ReVIIOS are the key intermediate in OAT and SAT 
reactions. 
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Introduction: 
Oxygen Atom Transfer (OAT) reactions have attracted much scientific attention due 
to their biological importance.1 Molybdenum (IV/VI) and tungsten(IVTVI) complexes have 
been widely studied because of their central roles in oxo-transferases enzymes.1 In 
comparison to molybdenum (IV/VI), Re(V)/Re(VJI) can be constructed as a catalyst for 
oxygen atom transfer. The proposed catalytic cycle begins with oxidation of Rev=0 by an 
oxygen donor (e.g. pyridine oxide) to produce Revll02 followed by reduction of Re^'O? 
back to Rev=0 by an oxygen acceptor (e.g. Ar3P)(Scheme 1). Several mechanistic studies 
of the oxygen atom transfer reaction catalyzed by Rev=0 dithiolate complexes (1 and 2) 
have been reviewed.2"6 A mechanistic study of the catalysis of oxygen atom transfer by 
Rev=S dithiolate analogue (3) has been studied experimentally and theoretically.7,8 
Sulfur atom transfer catalyzed by a rhenium oxo dithiolate dimer has also been 
reported.9 The mechanism of sulfur transfer from thiirane to Ar3As and Ar3P catalyzed by 
the rhenium dimer has been studied experimentally and theoretically.10 Rhenium(VII) is 
the proposed key intermediate in sulfur atom transfer reactions (Rev=0 ReVIIOS —> 
Rev=0). 
Scheme 1: Proposed Oxygen Atom Transfer cycle 
O YO Y o XO X o 
II V Z II V / 11 
Re(V) »  ( V H ) R e ^ Q — »  Re(V) 
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Chart 1. Structural formulas of rhenium(V) catalysts 
crs^3 
1 2 
3 
Owing to the importance of metal oxo complexes in atom transfer reactions, the nature 
and the bond energy of the metal oxygen multiple bond has received significant attention 
in the last decades.11"15 There is little data available in the literature on the thermochemistry 
of the Re(V)/Re(VII) transformation. Mayer16 estimated the Rev=0 bond strength in 
[Re(0)Cl2(Me3-tacn)]+ ( Meg-tacn = 1,4,7-trimethy 1-triazacyclononane) to be larger than 
132 kcal/mol but smaller than 149 kcal/mol ( 132 < BDE(Re(V)=0) < 149 kcal/mol, or 
roughly 141 ±9 kca/mol). The upper and lower limits are estimated by two simple 
thermochemical cycle measurements. The rhenium oxygen bond strength in Cp*Revu03 is 
predicted to be 116.8 ± 1.2 kcal/mol by direct enthalpy measurement of the reaction of 
Cp*Re(VII)03 with PI13P.17 To our knowledge, only one computational study of the 
thermochemistry of oxygen atom transfer between rhenium and phosphine complexes has 
been reported.18 its calculated the Re=0 bond strength in Cp*Re(VII)03 is 113 kcal/mol 
which is in good agreement with the reported experimental data (116.8 kcal/mol). 17 
The goal of our work is to study electronic structure and estimate bond strengths of 
the Re=E (E=0,S) in Rev=E (E= 0,S) dithiolate complexes and in the Re(VII) compounds 
that have been proposed as intermediate in OAT and SAT reactions. 
67 
Computational method: 
Computations were carried out using the hybrid density functional B3LYP as 
implanted in GAMESS.19 All quoted energies are without temperature correction but 
include unsealed zero point energy. All structures were fully optimized with CI symmetry 
unless it is mention in the text and confirmed as minima by calculating vibrational 
frequencies. All of the structures were optimized with the LANL2DZ ECP20*21 augmented 
with y ^ polarization functions, 6-31+G(d) basis sets were used for S and O, and 6-31G(d) 
for C and H. The zero point energy and Pipek-Mezey population22 localizations were 
calculated with the same basis sets and level of theory. The energies were refined with 
single point energy calculation at the previously optimized geometries using the same basis 
set for Re and improved basis sets for other atoms: G3Large basis set23"24 for S, As, and P, 
a 6-311+G(2d) basis set for O and N, and a 6-31G(d) basis set for C and H. 
Results: 
Geometries of Complexes Containing an Re O. Owing to the inordinate time required 
for running calculations on the actual catalysts, appropriate models were needed. In place 
of PPh), PMe3 and PH3 were used; also edt was used in place of mtp, where edtH? 
represents 1,2-ehanedithiol and mtp Hi, 2-(mercaptomethyl)thiophenol. Examples are 
depicted in Chart 2. To choose an appropriate model, we optimized a several models to 
examine the influence of ligands on the Re=E (E=0, S) bond length and compare the 
computed values with the experimental data for the actual catalysts. Table 1 summarizes 
the calculated structural parameters for models 4-6 in comparison with the experimental 
structures of compounds 1 and 2.23 Table 2 summarizes the calculated structures for 
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models 7-9 and compares them to the experimental structure of compound 3. The influence 
of the ligand on the Re=E (E=0, S) bond length and on the charge rhenium, thio, and oxo 
group in complexes 4-9 has been examined. Table 3 summarizes the results 
Chart 2. Structural formulas for models used in computations 
4 5 6 
7 8 9 
Table 1: Selected bond lengths (Â) and bond angles (deg) for the optimized geometries of 
4-6, in comparison with experimental structure for 1 and 2. 
4a 5a 6a Exp# Exp(2)= 
Re=0 1.68 1.68 1.68 1.68 1.68 
Re-C 2.15 2.15 2.14 2.14 2.13 
Re-P 2.47 2.45 2.46 2.44 2.45 
Re-SI 2.31 2.30 2.33 2.29 2.33 
Re-S2 2.32 2.32 2.32 2.28 2.28 
O-Re-C 112 110.5 112.4 112.2 111.9 
O-Re-P 96.7 99.5 95.3 100.5 101.2 
O-Re-Sl 109.7 108.9 106.5 108.5 108.9 
0-Re-S2 118.7 118.7 122.0 116.4 116.6 
a: Geometric parameters have been optimized at B3LYP with LANL2DZ + 2/polarization 
function for rhenium, 6-31+G(d) for oxygen and sulfur, and 6-31G(d) for carbon and 
hydrogen, b: Ref 25 c: Ref 26 
69 
Table 2: Selected bond lengths (A) and bond angles (deg) of the optimized geometries of 
7-9, in comparison with the experimental structure of 3 
r 8s ¥ Exp (3)b 
Re-S 2A~\ 2JÔ ZÏ1 2.10 
Re-C 2.15 2.15 2.15 2.15 
Re-P 2.46 2.44 2.44 2.44 
Re-Si 2.30 2.29 2.32 2.31 
Re-S2 2.29 2.30 2.29 2.26 
S-Re-C 113.7 112.0 113.5 115.0 
S-Re-P 93.3 99.0 95.1 95.0 
S-Re-Sl 110.4 110.0 107.9 107.4 
S-Re-S2 117.6 118.3 120.8 124.9 
a: Geometric parameters have been optimized at B3LYP with LANL2DZ + 2/polarization 
function for rhenium, 6-31+G(d) for oxygen and sulfur, and 6-3 lG(d) for carbon and 
hydrogen, b: 27 
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Table 3: Re=E (E=0,S) bond lengths(Â) and Mulliken charges on Re(V), the thio and the 
oxo ligand.3 
Re=E Charge, E Charge, Re Bond Order 
1.68 -0.47 0.07 2.14 
Cs-"<Hh: 1.68 -0.44 0.14 2.17 
1.68 -0.46 0.20 2.12 
2.11 -0.084 -0.45 2.11 
2.10 -0.05 -0.36 2.15 
oc:-k:: 2.10 -0.04 -0.35 2.16 
a: Geometric parameters and Mulliken charges are calculated at B3LYP with LANL2DZ + 
y polarization function for rhenium, 6-31+G(d) for oxygen and sulfur, and 6-31G(d) for 
carbon and hydrogen 
Geometry of ReVII02 and Re^'OS: Dimer 10, a Re(VII) complex has been 
experimentally synthesized and characterized.28 Model 11 was optimized to compare with 
10. Table 4 summarizes the results and the calculated geometry is in a reasonable 
agreement with experimental results. This comparison is important, because such species 
are proposed intermediate in the OAT and SAT cycles. Calculations have been done on 
[Me(edt)ReVII02] and on [Me(edt)ReVI1OS] (edt= 1,2-ethanedithiol). Two geometries were 
found for [Me(edt)ReVII02] , varying by whether the oxo group lie cis (A) and trans (B) 
(Figure 1). The cis geometry is more stable than the trans by 47 kcal. The geometry of the 
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more stable isomer A is a distorted triagonal bipyramidal structure where the oxo ligands 
occupy the equatorial position (Figure 1). Only a single minimum was found for 
[Me(edt)ReVI1OS], It is also a distorted triagonal bipyramidal structure in which the oxo 
and thio ligands occupy the equatorial positions (Figure 1 C). Selected bond lengths and 
angles of Revn are summarized in Table 5 and 6. 
Chart 3. Structural formulas of dioxorhenium(VII) compounds 
° o i~s• /P1 r~s. -P1 
10 11 
Table 4: Selected bond lengths (A) and bond angles (deg) computed for 11 in comparison 
with data for 10. 
Calc(ll)a Exp(10)b 
Re-Ol 1.70 1.69 
Re-02 1.69 1.68 
Re-03 1.88 1.86 
Re-C 2.16 2.17 
Re-S 2.39 2.34 
01 -Re-02 114.5 113.4 
01-Re-S 124.0 125.3 
02-Re-S 119.5 118.5 
a: Geometric parameters were calculated at B3LYP with LANL2DZ + 2/polarization 
function for rhenium, 6-31+G(d) for oxygen and sulfur, and 6-31G(d) for carbon and 
hydrogen, b: 28 
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A B C 
Figure 1 : Optimized geometries of [Me(edt)RevlI02] (A and B) and [Me(edt)ReVI1OS] C. 
The conformer A is more stable than B by 47 kcal/moV1 
Table 5: Selected bond lengths (Â) and bond angles (deg) of the optimized geometries of 
the ReVII02 compounds.a 
^S1 
H3C 
,9' 
Re-Ol 1.70 1.73 
Re-02 1.70 1.75 
Re-S2 2.41 2.36 
Re-Si 2.35 2.30 
Re-C 2.16 2.14 
01-Re-02 115.1 148.06 
02-Re-S2 122.9 86.9 
01-Re-S2 120.3 88.6 
a: Geometric parameters were calculated at B3LYP with LANL2DZ + 2/polarization 
function for rhenium, 6-31+G(d) for oxygen and sulfur, and 6-31G(d) for carbon and 
hydrogen. 
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Table 6: Selected bond lengths (À) and bond angles (deg) of ReVI1OS optimized 
geometries a 
vo1 H3C 
Re-Ol 1.69 
Re-S 3 2.12 
Re-S2 2.39 
Re-SI 2.35 
Re-C 2.19 
01-Re-S3 113.6 
01-Re-S2 120.7 
S3-Re-S2 123.7 
a: Geometric parameters were calculated at B3LYP with LANL2DZ + 2/polarization 
function for rhenium, 6-31+G(d) for oxygen and sulfur, and 6-31 G(d) for carbon and 
hydrogen 
Re =E (E=0,S) , ReVII02, and ReVIIOS bond strength: The strength of the oxygen and 
sulfur rhenium multiple bonds were projected by calculating AH of oxygen and sulfur 
transfer reactions with different oxygen and sulfur acceptor reagents according to 
Re=E + X -> Re + X-E 
BDE(Re=E) = BDE(X-E) + AH 
Because a non-isodesmic reaction is used in Re=E bond calculation, Re=E values have 
been taken from the average of several reference reactions. As a consequence, the error due 
to molecule-specific computation, in addition errors in experimental value of the reference 
reagent, will be minimized. 
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Table 7: Rev=0 and Rev=S bond strengths in kcal mol"la 
Re=E + X Re + X-E AH DE(X-E) DE(Re=E) 
= +PY — cX:+^ 93.9  72^  ias  
3 [s:L™:+Me2S » + 72.7 87^ 160 
* ^ 31.7 94%: 126 
5 f^Re»pu3 + Me3As , + Me3As=s 50.8 69.533 120 U-b rHg U-b rHg 
BDE(Rev=0) = 163.7± 1.8 kcal mol"1 
BDE(Rev=S) = 123 ± 3 kcal mol"1 
a: Geometric parameters were optimized and zero point energies were calculated at 
B3LYP with LANL2DZ + 2/polarization function for rhenium, 6-31+G(d) for oxygen and 
sulfur, and 6-31 G(d) for carbon and hydrogen. The energies were calculated at B3LYP 
with LANL2DZ + 2f polarization function, G3Large basis set for sulfur and phosphine, 6-
311+G(2d) for oxygen, and 6-31G(d) for carbon and hydrogen 
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Table 8: ReVII=0 and Revll=S bond strengths in kcal mol"1.3 
R e = E  +  X  R e  +  X - E  AH DE(X-E) DE(Re=E) 
— S-Rer° + Me3p=0 -18.7 13929 120 
H3C 
— S-Rtr0 + Py-0 50.0 7230 122 
H3C 
— S-Rer° + Me2S-Q 27.8 8731 115 
H3C 
/-S 
— S-Ré^s + Me3p=o -18.6 13929 120 
H3C 
<-s 
S-RerS + Py-O 48.1 7230 120 
H3C 
/—S 
S-Rers + Me2s-G 27.9 8731 115 
H3C 
S-Re^° + Me3p=s -10.5 9432 84 
H3C 
—_ S-R<r° + MegAs=S 7.5 69.533 77 
6 
hT°° 
+ Me3P 
<^s 
7 S-Re;0 
HgC 
+  P y  -
8 
HZ» 
+ Me2S 
9 S-Re;S 
HgC 
+ Me3P 
10 +  P y  
x—S 
11 + Me2S 
12 S-Re;S 
HgC 
+ Me3P 
/-s 
13 S-Re;S 
HgC 
+ Me3As 
H3C 
BDE(Revu=0) = 1 1 8 . 7 ±  1 . 2  kcal mol"1 
BDE(ReVII=S) = 80.5 ± 3.5 kcal mol"1 
a: Geometric parameters were optimized and zero point energies were calculated at 
B3LYP with LANL2DZ + 2/polarization function for rhenium, 6-31+G(d) for oxygen and 
sulfur, and 6-31G(d) for carbon and hydrogen. The energies were calculated at B3LYP 
with LANL2DZ + 2/polarization function, G3Large basis set for sulfur and phosphine, 6-
311+G(2d) for oxygen, and 6-31G(d) for carbon and hydrogen 
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Discussion: 
Rhenium oxo and thio multiple bonds: The oxide ion (O2) can act as a terminal, 
multiply bonded ligand or it can bridge ligand between two or more atoms. Stable 
compounds with a terminal oxo group are known for more than half of the elements, and 
the multiple oxygen bonds are among the shortest and strongest bonds made by these 
atoms. Transition metal oxo complexes have been fully characterized in their highest 
oxidation states with d°, d1, or d2 electronic configurations.34* 35 A statistical analysis has 
been done on the influence of the ancillary ligand on the metal-oxo bond length.36 Data 
from more than 600 complexes were used to show that the ancillary ligand does not exert a 
pronounced effect on the metal-oxygen multiple bond. This insensitivity is explained by 
high M-O multiple bond strengths. The same results were found in our calculations. The 
rhenium-oxygen bond length did not change for phosphine ligands, PH3 to PMe3 (Table 1, 
4 and 5) and the computed distances are in excellent agreement with the experimental bond 
length for PPh3 ligand. Similarly, the Re=0 and Re=S distances remained insensitive to the 
dithiolate ligand (Tables 1 and 2). 
No change in bond length was found for different phosphines (PH3, PMeg) and dithiolate 
ligands (mtp, edt); the values of <i(Re-S) agree excellently with the experimental Re=S 
bond length for 3. Because [MeRe(edt)S(PPh3)] is not known, we compared the structure 
of optimized models 7 and 8 only with [MeRe(mtp)S(PPh3)], 3. The previously-established 
insensitivity of Re=0 and Re=S distances to the nature of the ligands prompted us to 
examine the Mulliken charges and bond orders, Table 3, which also proved to be nearly 
independent of the ancillary ligand. The charge on rhenium is more sensitive to the nature 
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of the ligand and varies according to the sigma donating ability of the ligand. Complexes 
with a PMes ligand (4, 7) have more electron density on rhenium than PH3 complexes (5, 
8) and complexes with the mtp ligand (6, 9) have relatively less electron density than edt 
complexes (5, 8). These trends agree with weaker electron-donating ability of the 
thiophenol ligand. From previous analysis of the Re=E (E=0, S) bond, we decided that 
complexes [Me(edt)RevOPH3] 5 and [(edt)RevSPH3] 8 were good models to continued 
calculations. 
The molecular orbital view of metal octahedral complexes is derived in which the d 
orbitals split into two groups eg and t2g (Figure 2). The eg orbital s are dz2 and dX2-y2- The tig 
orbitals are dxy, dyz, dxz. In octahedral metal oxo complexes, the eg orbitals are no longer 
degenerate but they remain a* orbitals. The t2g orbitals split substantially by the oxo ligand 
into dxz and dyz, which represents the metal-oxygen antibonding JT* and the non-bonding 
dxy orbitals with the formal M-0 as a triple bond.37 
Si (a*)dz2 / 6g (a ) —: = __ 
b1 (a*)dx2_y2 
) dxz, dyz 
=  ---  
l 2g < n > b 2 (n)d x y ^^  
O 
Metal d orbitals px py 
N 
' e (IT) 
Figure 2: Partial molecular orbital diagram for octahedral complexes with one oxo 
ligand37 
The molecular orbital scheme of octahedral complexes (Figure 2) is also applicable to 
square pyramidal species. The significant difference is that the a* orbital lies at a lower 
energy in square pyramidal geometry (a, orbital, Figure 2) due to the absence of an axial 
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ligand.35 Early ab initio calculations using the GVB method agree with the triple bond 
character proposed by the ligand field theory for monooxo metal complexes. The triple 
bond is suggested to be composed of two % bonds and one a bond and the metal oxygen 
bond should be drawn as M=0. Because a triple bond implies a positively charged oxygen, 
the recommended symbol will be M=0.38,39 The multiple bond character of oxo and nitrido 
complexes has been established using both ab initiou (HF and MP2) and DFT40 levels of 
theory. The analysis of the electronic structure of M-O (M=Mo, W, Re, and Os) shows that 
the a and n bonds are strongly polarized toward the oxygen atom with overall a bond order 
less than three. The M-N bonds are less polarized and should be considered as triple bonds. 
Previous computational studies have been done with highly symmetric C<w octahedral and 
square pyramidal complexes. Deviation from the ideal molecular orbital diagram is 
expected in our case. 
The analysis of Rhenium oxo and thio (Table 3) complexes gives a calculated bond 
order closer to two than three. Control calculations have been made on Re=E bond (E=N, 
O) in C^ReE to compare with previously reported literature. The structures have been 
optimized and the orbitals have been localized using the Pipek-Mezey population 
localization22 method augmented in GAME S S at B3LYP with LANL2DZ + 2/polarization 
function for rhenium, 6-31+G(d) for oxygen, sulfur, and nitrogen and 6-31G(d) for carbon 
and hydrogen. The structures CUReE are optimized at C4V symmetry. Table 9 summarizes 
our results. Bond order of Re-N bond 2.9 (~ 3) agrees with Frenking results that M-N bond 
in nitrido complexes should be considered as triplet.14 The two 71 orbitals on the thio and 
oxo ligands are more polarized toward the oxo and thio ligand atom in partial n interaction, 
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which agrees with the bond order analysis less than triplet (1 a + 2 partial iz bonds). The 
Re=0 bond order in Dithiolate oxo complex has a lower bond order than Re=0 in 
CljRe^O because of high electronegativity of Chloride which increase the electopositivity 
of rhenium and its iz interaction of the empty d orbitals with the two oxygen lone pair. 
Table 9: Localized a and n orbitals of Re=E ( E=N, O, S) complexes. 
o jti Jt2 Bond Re=E bond Order length (À) 
N 
CI .RL.CI  
Clr ""CI 
O 
CI 'Rp-CI  
CI" ~CI 
CS-^ RHH: 
2.9 
2.5 
2.2 
2.1 
1.64 
1.65 
1.68 
2.11 
a: Pipek-Mezey22^population localization orbitals at B3LYP with LANL2DZ + 2/ 
polarization function for rhenium, 6-3 l+(d) for oxygen and sulfur, and 6-31(d) for carbon 
and hydrogen 
Re^'Oz and RevllOS: Rhenium(VIl) is the proposed intermediate in the atom transfer 
reaction.3 Two geometries have been found computationally for ReVII02 (Figure 1 A and 
B). The trans geometry is less stable than the cis by 47 kcal/mol. The stability of the cis 
over the trans dioxo complexes can be explained by maximizing the interaction of the four 
oxygen lone pairs with the empty d orbitals. In the cis geometry, the three d orbitals (dxz, 
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dyz,, dxy) can accept oxygen n donation. In the trans geometry, only two d orbitals (dxz, dyz) 
can do so. From the Mulliken charge analysis, it was found that rhenium has more positive 
charge and oxygen has more negative charge in trans ReVI102 than the cis isomer as a result 
of less 7i donation from the oxygen lone pairs (Table 10). This result agrees with prior 
computational studies which showed that dioxo d° octahedral complexes form stable cis-
dioxo complexes.41, 42 The instability of the trans isomer implies that it cannot be the 
intermediate in OAT. 
One geometry has been found for the ReVII(0)(S) intermediate where the oxo and thio 
ligand occupy equatorial positions in distorted a trigonal bipyramidal complex. Mulliken 
charges and bond order analysis of ReVII(0)2 and ReVI1(0)(S) have been done to compare 
them with the requirements for Re(V) catalysis. The bond orders of Re=S and Re=0 are 
the same for both Re(V) and Re(VII). The Re=S bond lengths are almost identical in 
Rev=S and ReVI1(0)(S). The charge on thio ligand became more positive in Revll(0)(S) 
because of the high electronegativity of the cis-oxo ligands. The Re=0 bond lengthens in 
ReVII(0)2 as compared to Rev=0, but the bond orders are still the same. In Rev=0, oxygen 
lone pairs interact with two d orbitals (dxz, dyz ), but the two oxygen lone pairs in RevlI(0)2 
are sharing 3 d orbitals (dxz, dyz„ dxy) which causes a small elongation in the ReVII=0 bond 
length. The localized orbital picture of ReVI1(0)2 and ReVII(0)(S) shows strong polarization 
of oxo and thio lone pairs towards empty d orbitals. As in the Re(V) case, lone pair 
distortion is responsible for observed bond order of 2. 
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Table 10: Re=E (E=0,S) Bond Length(Â) and Mulliken charges on Re(V), the thio, and 
the oxo ligand.3 
Charge, Re Charge, S Charge, O Bond order 
s S - R e : °  
' O H a C  
s„. 9 c ReCHg M ° O 
0.56 
0.07 
0.65 
0.05 
-0.41 
-0.42 
-0.57 
Re=0 2.1 
Re=0 2.10 
Re=S 2.12 
Re=0 1.8 
a: Geometric parameters were optimized calculated at B3LYP with LANL2DZ + 2/ 
polarization function for rhenium, 6-31+G(d) for oxygen and sulfur, and 6-31G(d) for 
carbon and hydrogen 
Table 11: Localized a and n orbitals in ReVIIOi and ReVI1OS complexes a 
Re=0 
7C i 
% 2 
S - R e ? 8  
H o C  L O 
Re=0 Re=S 
a: Pipek-Mezey population (ref) localization orbitals at B3LYP with LANL2DZ + 2/ 
polarization function for rhenium, 6-31+G(d) for oxygen and sulfur, and 6-31G(d) for 
carbon and hydrogen 
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Re=E (E= O, S) bond strength in Re =E and ReVIIOE: During the oxygen atom 
transfer reaction, no direct reaction has been proposed or observed between the catalyst 
and PI13P 3' 6 (Scheme 3). This is explained by the strength of the Rev=0 bond. Dioxo 
ReVII(0)2 is the proposed intermediate that reacts with PPh3 to produce Ph3P=0 and 
Scheme 3: Oxygen abstraction by phosphines from oxorhenium(V) is thermodynamically 
prohibited. 
The strengths of Re=S and Re=0 bonds have been estimated using [MeRe\edt)E(PH3)] 
and [MeRevn(edt)(0)(E) as model compounds. Bond strengths were calculated from AH 
values for a series of atom transfer reaction with reagents that have known oxygen and 
sulfur bond strengths, as in Scheme 2. Estimated Rev=0 bond strength (163.7 ± 1.8 kcal 
mol"1) is much higher than that of RevlI=0 (118.7 ± 1.2 kcal mol"1). This result agrees with 
the experiments showing that OAT takes place via the ReVI102 intermediate and essentially 
eliminates the possibility of direct oxygen transfer from the Rev=0 catalysts. The same 
holds for Rev=S; its bond strength (123 ± 3 kcal mol"1) is higher than that of ReVII=:S (80.5 
± 3.5 kcal mol"1). 
regenerate Rev=0. 
,.PPh3 
PH3P 
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Thermochemistry of Oxygen Atom Transfer Cycle: We have estimated AH of each step 
in the proposed catalytic cycle (Figure 4). We choose [MeRe(edt)0(PMe3)] as the model 
catalyst and Me3P and 4-methyl-pyridine TV-oxide as the oxygen acceptor and donor, 
respectively. First step in the proposed mechanism is unfavored ligand substitution of 4-
methyl-pyridine oxide with Me3P (Keq < 1, perhaps 10~2)43 because 4-methyl-pyridine 
oxide is a weaker ligand than Me3P. The calculated AH of the first step is endothermic by 3 
kcal mol"1, which agrees reasonably with experiment.44 The second step in the mechanism 
is dissociation of 4-methyl-pyridine to form [MeReVII(edt)(0)2], intermediate C, which is 
exothermic by 25 kcal mol"1. Oxidizing rhenium(V) 2 to Rhenium(VII) C is exothermic by 
approximately 22 kcal mol"1 and supports the proposed formation of [MeRevll(edt)(0)2]. 
The third step in the reduction of Re(VII) C by PMe3 forms D. The reduction of 
[MeReVII(edt)(0)2] by PMe3 is exothermic by 36 kcal mol"1. The last step is ligand 
substitution reaction of D with Me3P to regenerate the catalyst 2; it is also exothermic by 
10 kcal mol"1. Because PMe3 is a stronger ligand than Me3P=0, The last step expected to 
be exothermic. 
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Figure 4: Thermochemistry of the oxygen atom transfer catalytic cycle. 
Conclusions 
The electronic structure and bond order of Re=E (E = O, S) are insensitive to the 
oxidation state of Rhenium. Re-E multiple bond is composed from 1 a and 2 partial n 
bonds of Px and Py with empty d orbital on Re(V) and Re(VIl) center which is accountable 
of bond order 2. Rev=E and ReVI1=E bond strength are agree with experiment proposing 
that ReVII02 and ReVIIOS are the key intermediate in OTA and SAT reactions 
Supporting Information Available. Cartesian Coordinates and absolute energies of all 
compounds. These materials are available free of charge at http://pubs.acs.org 
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Table SI: Coordinates and absolute energies of rhenium(V) models 4 to 9 in chart 2 
Me (edt) RevOPMe3 ( 4 ) 
B 3 L Y P /  L A N L 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 ,  S ,  a n d  6 - 3 1 G ( d )  
for P, C,and H. 
0 8 . 0 1 . 2 4 5 6 2 2 5 5 4 6  1. 0 0 6 3 0 4 9 3 7 0  -1 . 9 6 9 8 9 2 9 2 2 5  
RE 75. 0 . 4 7 7 8 1 9 3 5 7 0  9 9 0 8 5 9 7 8 9 3  - . 4 7 0 6 6 1 6 2 1 0  
S 16. 0 -1 . 8 3 9 3 4 8 0 9 1 0  8 9 5 9 6 3 3 3 6 9  - . 4 0 4 9 9 1 9 7 3 5  
C 6. 0 1 . 8 8 6 0 1 3 5 6 6 5  8 8 7 6 8 2 0 4 5 6  1 . 1 5 6 2 2 2 2 7 2 4  
S 16. 0 . 2 4 6 9 2 5 6 7 7 1  3. 1 5 5 6 7 7 6 8 3 0  . 3 0 8 9 6 4 8 5 6 9  
P 15. 0 . 3 5 9 5 2 7 2 5 2 6  -1. 4 6 9 3 6 8 2 1 7 8  - . 2 3 1 0 3 3 3 2 1 2  
c 6. 0 -2 . 4 6 5 5 6 1 6 4 1 3  2 . 5 9 9 9 9 9 7 7 8 1  . 0 3 0 3 0 2 2 1 0 3  
c 6. 0 -1 . 4 3 7 2 5 7 6 0 1 0  3. 6 6 9 1 6 1 0 2 7 3  - . 2 7 7 2 9 8 4 2 4 3  
H 1. 0 -1 . 6 8 5 2 3 7 9 6 8 3  4 . 5 9 8 8 5 1 9 4 0 8  . 2 4 8 6 8 2 1 2 8 6  
89 
H 1 .  0 -1 . 3 9 0 4 4 2 0 1 0 3  3. 8 8 5 5 5 6 9 8 5 3  - 1  . 3 5 0 0 6 2 8 0 6 8  
H 1 .  0 -3 . 3 8 6 2 4 9 4 9 6 9  2. 7 5 0 5 0 9 0 9 8 0  - . 5 4 4 5 4 5 9 1 3 9  
H 1 .  0 -2 . 7 2 3 0 7 1 2 4 4 1  2 . 5 9 5 8 4 4 7 1 2 8  1  . 0 9 5 6 4 7 6 3 4 6  
H 1 .  0 2 . 6 4 9 8 7 0 6 1 2 1  1 1 0 0 7 1 8 6 8 8  1  . 0 2 1 3 4 3 9 4 7 4  
H 1 .  0 1  . 3 2 6 4 7 7 7 5 2 8  6 3 6 6 7  9 0 7 5 8  2 . 0 7 0 0 4 5 1 6 9 9  
H 1 .  0 2 . 3 9 6 8 3 3 5 6 6 3  1 .  8 3 7 0 7 8 7 0 0 1  1  . 3 5 1 3 9 3 8 7 1 8  
C 6. 0 1  . 9 6 4 1 1 6 2 6 0 9  —2 . 2 7 5 2 9 2 2 1 8 2  - . 6 5 1 6 3 1 8 8 5 1  
C 6. 0 - . 8 3 8 7 3 7 8 4 3 4  —2 . 3 4 0 7 5 5 1 1 1 6  - 1  . 3 2 7 5 4 9 4 9 2 6  
C 6. 0 - . 0 4 3 3 5 8 8 1 5 8  -2 . 0 9 2 1 8 1 1 1 7 4  1  . 4 5 5 1 9 5 5 8 9 3  
H 1 .  0 - . 5 9 9 7 2 2 1 0 5 5  -2 . 1 0 2 0 8 5 2 1 2 5  -2 . 3 6 8 4 2 3 8 7 9 1  
H 1 .  0 - 1  . 8 5 4 5 5 1 2 6 7 5  - 1 .  9 9 2 3 0 5 4 4 9 8  - 1  . 1 2 0 4 4 9 2 6 8 0  
H 1 .  0 - . 7 8 8 4 4 7 5 2 1 0  -3. 4 2 6 0 5 0 6 2 6 9  - 1  . 1 8 3 5 9 5 7 5 9 6  
H 1 .  0 . 6 7 8 4 0 8 2 5 2 0  - 1 .  7 0 3 0 3 6 2 1 3 4  2 . 1 7 8 6 2 7 2 5 7 5  
H 1 .  0 - . 0 1 8 6 4 5 0 8 0 3  — 3 . 1 8 6 9 7 2 5 3 2 1  1  . 4 7 3 7 5 8 2 8 9 5  
H 1 .  0 - 1  . 0 4 2 2 3 1 5 1 5 5  - 1 .  7 4 6 5 8 6 7 2 1 6  1  . 7 3 6 9 9 6 1 2 1 8  
H 1 .  0 2 . 7 4 6 2 6 5 2 3 6 4  - 1 .  9 2 6 2 2 7 2 3 1 7  . 0 2 7 8 3 1 1 3 8 7  
H 1 .  0 2 . 2 4 4 0 0 8 4 8 9 0  -1.  9 9 2 4 9 7 5 8 7 7  -1 . 6 7 1 0 8 2 7 7 1 4  
H 1 .  0 1 . 8 9 0 9 7 2 5 2 4 8  — 3 . 3 6 6 8 8 2 6 3 8 3  - . 5 8 3 7 9 0 5 4 9 9  
Energy = -1530.046118 Hartree 
ZPE = .218058 Hartree 
B3LYP / LANL2DV+ 2f for Re, G3Large for P, S, 6-311+G (2d) 
for O, 6-31G(d) for C, H 
E = -1530.180102 Hartree 
Me (edt) RevOPH3 (5) 
B 3 L Y P /  L A N L 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  
for P, C,and H. 
0  8 . 0 -1 . 2 6 4 3 0 5 8 4 7 8  - 0 .  3 6 1 1 6 8 5 6 5 7  -2 . 1151432001 
RE 75. 0 - 0  . 6 1 7 4 4 1 9 9 0 0  - 0 .  2 5 6 1 4 3 8 0 1 8  - 0 .  5 6 6 3 6 2 1 1 3 7  
C 6. 0  -2 . 1 8 6 9 2 4 1 2 5 9  - 0 .  1 4 5 0 1 3 4 4 5 9  0 .  9 0 0 3 6 9 7 9 2 0  
S 16. 0 1  . 6 8 7 6 3 3 0 6 2 1  - 0 .  4 2 7 2 2 5 8 6 1 3  -0 .  3 0 4 7 1 9 0 8 5 0  
S 16. 0 -0 . 3 6 0 1 0 1 5 2 2 3  1 .  9 6 5 1 6 8 4 9 8 5  - 0 .  0 1 2 9 9 7 8 2 8 5  
P 15. 0 -0 . 5 6 1 3 4 2 5 5 8 4  -2. 6 3 7 2 1 4 5 8 9 3  0 .  0144007240 
c 6. 0 2 . 3 3 4 8 4 9 0 8 6 7  1 .  2 9 8 8 2 4 2 1 0 2  - 0 .  0 3 0 8 0 7 3 1 0 8  
c 6. 0 1  . 3 6 9 5 1 5 7 7 6 1  2. 3 3 0 5 7 1 2 2 7 8  - 0 .  5 7 8 6 8 6 0 7 2 7  
H 1 .  0 2 . 4 8 9 9 4 0 2 3 2 0  1 .  4 3 6 5 6 2 1 3 0 9  1 .  0 4 4 3 8 9 6 3 5 6  
H 1 .  0 3 . 3 0 6 9 3 4 3 2 9 3  1 .  3 5 3 0 0 7 0 7 2 9  - 0 .  5 3 3 9 3 2 5 1 1 7  
90 
H 1 .  0 1  . 6 2 1 4 8 4 3 7 2 9  3  .  3 3 5 3 9 9 4 1 2 8  -0 .  2 2 0 7 7 0 2 0 8 1  
H 1 .  0 1  . 3 7 3 7 5 7 2 8 3 7  2 . 3 3 6 9 3 9 6 5 5 1  - 1  .  6 7 3 3 4 1 9 0 0 4  
H 1 .  0 -2 . 9 3 9 4 0 2 0 3 8 6  -0. 9 3 7 3 4 0 9 1 0 1  0. 7 7 9 1 1 4 8 8 5 4  
H 1 .  0 -2 . 7 0 3 6 3 1 1 7 4 8  0. 8 2 1 3 5 6 3 6 6 3  0 .  8 9 0 4 3 4 5 3 2 7  
H 1 .  0 - 1  . 7 5 2 8 1 4 2 6 1 2  -0. 2 5 9 6 7 2 4 3 6 5  1 .  9 0 5 6 3 7 5 7 4 5  
H 1 .  0 0 . 6 0 4 2 1 9 3 2 0 5  -3. 4 2 1 0 9 7 4 0 9 5  -0 .  1 3 6 5 5 6 5 0 1 6  
H 1 .  0 -1 . 4 8 8 3 9 4 7 2 0 9  — 3. 4 3 2 5 5 7 8 8 8 2  -0 .  6 9 4 3 8 4 4 7 0 6  
H 1.  0 -0 . 9 1 3 9 7 5 3 8 0 9  -3 . 0 0 0 3 9 3 7 7 1 1  1 .  3 3 3 3 5 3 9 0 1 8  
Energy = -1412.15537 Hartree 
ZPE = 0.129355 Hartree 
B3LYP / LANL2DV+ 2f for Re, G3Large for P, S, 6-311+G(2d) 
for 0, 6-31G(d) for C, H 
Energy = -1412.284812 Hartree 
Me (mtp) RevOPH3 (6) 
B 3 L Y P /  L A N L 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  
for P, C,and H. 
0 8 . 0 1 . 6 4 5 8 4 9 3 0 2 5  . 2 2 1 9 8 9 4 8 1 3  - 2  . 2 9 0 5 5 1 9 3 7 6  
RE 75 . 0 1 . 6 0 0 6 8 1 6 5 4 0  - . 4 7 7 3 4 4 0 9 4 1  - . 7 6 0 7 4 7 8 1 2 7  
S 16. 0 - . 5 0 3 0 0 3 7 2 8 4  -1 . 4 6 2 3 9 7 1 0 3 2  - . 5 4 5 5 9 4 6 4 3 2  
S 16. 0 1 . 2 6 0 4 7 2 9 3 4 7  . 7 8 1 6 2 6 5 2 4 0  1 . 1 5 5 4 5 0 8 1 7 2  
C 6. 0 2 . 2 2 4 2 3 7 2 4 6 4  -2 . 5 2 8 6 3 5 0 3 1 3  - . 7 8 3 0 0 3 5 1 2 3  
H 1 .  0 2 . 6 9 1 1 5 1 3 5 3 0  -2 . 7 7 9 4 9 0 8 2 0 3  . 1 8 1 4 2 3 8 0 3 7  
H 1 .  0 2 . 9 9 4 0 6 9 1 6 2 7  -2 . 6 7 0 0 5 9 5 6 3 5  -1 . 5 5 4 8 7 3 0 0 7 7  
H 1 .  0 1  . 4 1 8 9 9 5 8 9 2 5  - 3  . 2 4 9 1 4 0 0 9 2 1  - . 9 6 1 4 5 8 5 7 2 0  
P 15. 0 3  . 9 5 0 3 6 6 1 2 5 5  . 0 2 1 2 3 9 7 9 2 6  - . 2 1 3 2 8 1 8 6 8 2  
H 1.  0 4 . 3 1 3 9 4 2 6 6 5 9  1 . 1 3 1 1 2 3 7 8 8 1  . 5 8 0 9 7 9 5 5 9 4  
H 1.  0 4 . 7 6 8 2 2 0 8 3 0 0  . 2 3 9 3 3 4 6 5 8 6  -1 . 3 4 3 1 3 1 0 6 5 7  
H 1.  0 4 . 7 0 9 4 4 3 4 8 7 6  - . 9 7 9 5 9 2 4 2 0 5  . 4 3 2 9 8 6 5 7 9 3  
C 6. 0 - . 4 2 6 2 7 1 6 4 0 9  . 4 6 0 9 2 5 2 8 9 5  1  . 9 0 1 4 0 9 3 6 0 0  
H 1 .  0 -.4059966850 - . 5 6 8 0 1 6 3 2 4 4  2 . 2 7 3 9 3 3 6 0 7 4  
H 1 .  0 - . 4 9 9 5 4 2 5 6 7 9  1 . 1 4 2 7 0 0 8 2 3 4  2 . 7 5 3 7 9 3 9 0 9 0  
C 6. 0 -1 . 5 5 1 2 8 3 6 3 4 3  . 6 7 3 7 5 2 6 9 4 7  . 9 3 9 5 3 3 3 4 8 7  
C 6.  0 -3 . 6 8 7 6 4 9 3 0 1 8  1 . 0 3 7 1 6 5 4 4 8 1  - . 8 5 0 9 3 2 1 7 1 8  
C 6. 0 -2 . 4 9 6 0 6 4 9 3 7 6  1 . 6 8 8 7 2 7 3 5 2 9  1 . 1 4 4 1 8 5 1 7 2 3  
C 6. 0 -1 . 6 7 5 1 6 0 3 3 2 3  - . 1 5 0 3 5 9 0 6 7 3  - . 1 9 6 1 9 1 2 2 4 6  
C 6. 0 -2 . 7 4 2 7 8 2 7 4 4 5  . 0 3 8 6 0 5 4 6 6 1  -1 . 0 8 4 9 4 4 5 5 7 7  
C 6. 0 -3 . 5 6 1 5 5 3 8 9 5 4  1 . 8 6 9 0 3 3 1 1 1 2  . 2 6 3 6 4 5 1 6 8 9  
H  1 . 0  - 2 . 3 9 7 4 4 5 9 3 7 6  2 . 3 3 5 3 9 9 5 8 9 2  
H  1 . 0  - 2 . 8 2 5 2 5 9 5 3 7 7  - . 6 0 0 7 5 1 9 7 7 6  
H  1 . 0  - 4 . 2 8 9 5 1 4 1 4 4 9  2 . 6 5 5 2 1 4 3 5 4 0  
H  1 . 0  - 4 . 5 1 5 9 0 1 5 6 6 5  1 . 1 6 8 9 4 8 3 2 0 0  
Energy = -1603.7724842 Hartree 
ZPE = 0.180942 Hartree 
Me (edt) RevSPMe3 (7) 
B3LYP/ LANL2DV+ 2f for Re, 6-31+G(d) for 0 
for P, C,and H. 
S 1 6  .0 1. 3 4 1 3 5 7 3 5  1. 0 0 2 2 6 0 2 1  —2 . 4 1 2 3 5 3 2 8  
Re 75 .0 0. 4 6 1 8 8 3 9 6  1. 0 0 1 1 2 6 4 1  -0. 4 9 4 9 0 5 1 4  
S 16 .0 -1. 8 2 6 3 0 0 5 0  0. 8 9 1 6 6 9 1 5  -0. 3 7 5 9 0 0 5 4  
C 6 .0 1. 8 9 2 7 3 3 3 4  0. 8 9 2 7 7 2 7 9  1. 1 1 3 6 7 3 5 7  
s 16 .0 0. 2 5 0 8 6 3 8 5  3. 1 5 0 8 8 2 9 6  0. 2 8 9 9 5 0 8 8  
p 15 .0 0 . 3 7 0 6 4 2 1 0  -1. 4 4 9 3 0 3 6 3  -0. 2 3 9 7 7 0 5 3  
c 6 .0 -2 . 4 7 0 2 4 2 9 8  2 . 5 8 4 3 9 7 5 5  0. 0 8 9 3 7 7 3 0  
c 6 .0 -1. 4 5 8 7 8 0 6 5  3. 6 7 0 5 1 7 2 1  -0. 2 1 2 0 4 1 5 7  
H 1 .0 -1. 693048 60 4 . 5 7 9 4 5 1 5 6  0. 3 5 3 7 5 2 2 6  
H 1 .0 -1. 4 5 0 1 2 9 3 9  3. 9 2 4 9 7 9 2 1  -1. 2 7 8 1 5 9 0 2  
H 1 .0 - 3. 3 9 7 7 3 6 5 5  2. 7 2 9 4 1 1 1 3  -0. 4 7 5 6 4 5 3 9  
H 1 .0 —2 . 7 1 9 7 3 6 3 4  2. 5 5 7 4 6 9 6 1  1. 1 5 6 3 8 3 0 4  
H 1 .0 2 . 6 5 9 0 1 6 6 1  0. 1 2 2 2 9 0 4 5  0. 9 5 8 3 4 7 6 2  
H 1 .0 1. 3 4 5 7 7 0 8 4  0. 6 3 1 2 1 8 1 4  2. 0 3 2 2 9 4 0 3  
H 1 .0 2 . 3 9 9 6 4 4 1 4  1. 8 4 4 9 5 8 3 1  1. 3 0 7 5 2 2 4 2  
C 6 .0 1. 97149491 -2 . 3 0 7 5 9 0 4 8  -0. 5 7 1 9 9 7 8 2  
C 6 .0 -0. 8 0 0 9 9 8 9 9  -2. 3 3 9 5 8 8 1 7  -1. 3 5 1 8 0 0 0 8  
C 6 .0 -0. 0 9 4 6 6 5 7 3  -2. 0 4 7 8 3 2 7 3  1. 4 4 3 2 8 6 1 8  
H 1 .0 -0. 5 4 8 0 8 3 3 6  -2 . 1 0 7 9 8 4 5 4  -2 . 3 9 0 8 9 0 1 2  
H 1 .0 -1. 8 2 3 7 7 4 3 4  —2 . 0 0 0 0 5 6 9 8  -1. 1 6 3 9 1 6 3 5  
H 1 .0 -0. 7 4 4 3 0 1 5 0  — 3. 4 2 2 9 2 4 0 4  -1. 1 9 5 5 3 3 6 3  
H 1 .0 0 . 6 1 4 0 7 2 8 6  — 1. 662 6164 9 2 . 1 8 1 5 9 3 8 9  
H 1 .0 -0. 0 8 5 6 2 1 9 3  — 3. 14277315 1. 4 7 3 9 5 2 0 5  
H 1 .0 -1. 09541440 -1. 6 8 5 1 0 0 6 7  1. 69570649 
H 1 .0 2 . 7 4 0 5 6 5 3 0  -1. 9 4 1 3 4 6 5 3  0. 1 1 3 3 4 3 7 2  
H 1 .0 2 . 2 8 8 5 2 6 3 0  —2 . 0 8 3 5 0 9 2 1  -1. 5 9 4 6 7 0 0 6  
H 1 .0 1. 8 7 2 2 6 2 7 2  -3. 3 9 2 7 7 7 9 2  -0. 4 5 1 5 9 9 9 0  
H 1 .0 1. 8 7 2 2 6 2 7 2  -3. 3 9 2 7 7 7 9 2  -0. 45159990 
2 . 0 1 3 7 9 4 0 0 9 9  
- 1 . 9 5 9 6 6 0 8 9 0 9  
. 4 4 5 7 1 0 9 3 8 7  
-1.5424751104 
, S, and 6-31G (d) 
Energy = -1852.978500 Hartree 
ZPE = 
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B 3 L Y P /  u m i u 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  
for P, C,and H 
Energy = -1853.122837 Hartre 
Me (edt)RevSPH3 (8) 
B 3 L Y P /  L A N L 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  
for P, C,and H 
S 16. 0 - 1 .  4 1 5 7 8 5 2 5 8 0  -0 . 4 2 8 9 7 2 6 5 6 0  -2 . 5 3 4 9 2 5 3 9 9 1  
RE 75. 0 -0. 6 1 9 1 1 7 9 5 1 0  -0 . 2 4 8 8 4 5 2 9 7 9  -0. 5 9 4 3 7 9 8 0 0 7  
C 6. 0 — 2 . 1 6 0 8 5 4 4 3 0 2  -0 . 1 6 5 9 2 1 7 2 1 1  0. 9 0 4 7 2 1 3 6 6 6  
S 16. 0 1 .  6 6 1 8 7 8 6 1 8 2  -0 . 4 2 0 8 5 1 2 3 2 8  -0. 3 3 0 2 9 4 7 1 3 5  
S 16. 0 -0. 3 7 4 2 9 9 6 4 1 8  1  . 9 6 2 8 0 4 7 3 9 0  -0. 0 5 1 7 7 0 3 0 5 6  
P 15. 0 -0. 5 6 0 4 8 6 6 7 4 1  -2 . 6 0 9 3 4 0 8 0 8 2  0 .  0 1 4 3 1 6 7 3 5 6  
C 6.  0 2 . 3 1 4 5 0 8 9 0 0 5  1 . 2 9 3 6 3 4 0 4 7 1  0 .  0 1 0 7 1 3 5 7 9 9  
C 6 . 0 1 .  3 7 5 0 0 9 0 1 0 0  2 . 3 4 1 7 8 4 3 3 1 6  -0. 5 4 8 7 7 5 6 6 8 6  
H 1 .  0 2 . 4 2 1 5 2 3 7 8 6 7  1  . 4 0 3 0 2 8 9 2 0 8  1 .  0 9 5 5 8 7 6 4 2 3  
H 1 .  0 3 . 3 0 7 3 7 7 9 0 9 3  1  . 3 5 0 4 2 0 5 4 6 4  -0 .  4 4 8 7 1 5 3 2 7 0  
H 1 .  0 1 .  6 1 6 3 3 7 6 1 1 4  3 . 3 3 6 7 6 0 1 7 4 9  -0. 1 5 8 2 4 1 8 8 5 7  
H 1 .  0 1 .  4 1 8 6 7 9 1 7 0 7  2 . 3 7 0 1 3 8 7 7 9 4  - 1 .  6 4 2 6 2 3 5 7 7 3  
H 1 .  0 -2 . 9 0 8 3 4 3 8 9 6 3  -0 . 9 6 4 3 4 6 7 6 1 1  0 .  7 9 3 1 7 9 0 1 0 0  
H 1 .  0  -2 . 6 8 6 6 2 0 3 8 6 2  0  . 7 9 6 0 0 2 8 3 2 9  0 .  9 0 6 8 7 4 0 6 4 9  
H 1 .  0 - 1 .  7 0 6 3 3 0 5 0 3 9  -0 . 2 7 8 9 0 8 1 8 1 7  1 .  9 0 1 7 2 7 4 3 2 5  
H 1 .  0  0 .  5 2 3 8 3 3 0 3 0 4  -3 . 4 3 6 2 8 8 9 4 4 0  -o. 3 5 5 1 5 8 9 8 0 3  
H 1 .  0  - 1 .  6 3 8 8 1 6 9 0 4 4  -3 . 4 3 9 3 8 6 7 8 1 7  -0 .  3 6 6 0 1 3 4 7 5 1  
H 1 .  0 - 0 .  5 6 8 4 9 4 2 4 3 3  -2 . 8 6 1 7 1 2 1 4 4 6  1 .  4 0 3 7 7 9 1 3 9 7  
Energy = -1735.089111 Hartree 
ZPE = 0.127217 Hartree 
B 3 L Y P /  L A K L 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  
for P, C,and H 
Energy =  - 1 7 3 5 . 2 2 9 0 1 8  Hartree 
Me (mtp) RevSPH3 (9) 
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B 3 L Y P /  L A N L 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  
for P, C,and H 
S  16. 0  1 . 6 9 9 3 0 3 9 6 2 7  0  .  4 5 4 1 2 4 6 0 4 1  -2 . 6 7 0 2 9 1 9 3 3 4  
R E  7 5 .  0 1 . 5 9 9 5 6 1 8 6 0 2  -0. 4 6 1 5 3 4 2 6 9 7  -0 . 7 7 5 2 1 5 7 8 1 5  
S  16. 0  -0 . 4 9 3 7 0 0 8 3 6 0  -1. 4 4 8 0 8 9 2 2 1 7  -0 . 5 6 5 3 3 3 2 6 4 8  
S  1 6 .  0 1  . 2 6 2 8 7 3 6 0 0 6  0 .  7 8 8 2 4 4 2 9 9 9  1  . 1 1 7 7 8 2 1 2 4 4  
C  6 .  0 2 . 2 3 3 8 9 4 3 7 4 3  -2 . 5 1 1 8 2 2 1 3 3 5  -0 . 7 8 0 1 5 8 1 4 4 5  
H  1 .  0 2 . 6 8 7 9 9 5 6 0 9 5  -2 . 7 6 2 1 9 6 3 9 0 0  0 . 1 9 0 6 6 1 4 1 5 9  
H  1 .  0 3 . 0 0 9 8 2 7 1 2 3 4  —2 . 6 5 6 3 4 5 5 9 3 3  -1 . 5 4 5 1 3 0 8 5 6 6  
H  1 .  0 1 . 4 2 7 7 9 9 0 2 5 5  -3. 2 3 0 3 0 3 2 9 1 2  -0 . 9 6 5 1 8 7 6 1 0 1  
P  15. 0 3 . 9 3 0 1 6 5 4 3 1 4  -0. 0 0 7 4 1 9 8 3 4 0  -0 . 1 9 0 6 0 2 6 0 0 0  
H  1 .  0 4 . 3 1 1 6 4 0 7 4 7 9  1 .  1 9 7 7 0 3 7 8 0 1  0 . 4 4 2 0 5 4 5 4 5 4  
H  1 .  0 4 . 8 8 2 2 2 5 0 5 8 1  -0. 0 4 1 4 4 8 1 9 7 2  -1 . 2 3 2 3 0 1 4 3 6 9  
H  1 .  0 4 . 5 4 5 0 0 5 5 9 0 2  -0. 9 2 2 1 6 1 3 7 4 7  0  . 6 9 3 8 7 5 0 7 4 7  
C  6. 0 -0 . 4 1 0 7 6 9 4 5 2 0  0 .  4 5 5 4 3 4 4 6 2 9  1 . 8 9 0 8 0 0 9 1 4 0  
H  1 .  0 -0 . 3 7 6 2 0 1 3 3 2 9  -0. 5 7 6 3 2 4 8 5 5 8  2 . 2 5 5 3 5 6 5 9 7 7  
H  1.  0  -0 . 4 7 3 4 2 8 8 8 6 8  1 .  1 3 2 0 3 2 6 2 2 0  2 . 7 4 8 2 6 0 5 8 7 3  
C  6. 0 -1 . 5 4 8 1 5 8 7 6 6 7  0 .  6 6 6 1 2 0 2 8 2 9  0 . 9 4 4 6 5 7 5 5 5 2  
C  6. 0 -3 . 7 0 4 6 0 8 4 4 7 1  1 .  0 2 2 4 8 4 9 1 5 1  -0 . 8 2 2 0 2 1 5 9 7 6  
C  6. 0 -2 . 4 9 5 5 0 4 3 3 8 1  1 .  6 7 6 4 6 2 7 2 1 1  1 . 1 6 1 7 7 5 8 3 1 2  
c 6. 0 -1 . 6 7 9 3 5 6 1 0 6 4  -0. 1 5 6 4 4 0 1 3 5 5  -0 . 1 9 1 4 6 4 9 6 8 5  
c 6. 0  -2 . 7 5 7 9 6 1 1 8 0 4  0 .  0 2 8 7 6 4 8 1 4 5  -1 . 0 6 8 3 5 2 0 1 9 5  
c 6. 0 -3 . 5 7 0 8 6 6 2 4 1 1  1 .  8 5 3 1 8 7 9 8 7 0  0 . 2 9 2 9 5 7 1 4 2 5  
H  1 .  0  -2 . 3 9 0 5 0 1 5 8 2 4  2 . 3 2 1 0 2 7 7 3 6 8  2 . 0 3 2 0 7 5 4 6 9 2  
H  1 .  0 -2 . 8 4 7 4 1 7 2 5 6 2  -0. 6 0 8 5 0 1 3 4 9 9  -1 . 9 4 4 1 0 8 2 0 4 4  
H  1.  0  -4 . 3 0 0 7 7 4 6 5 5 5  2 . 6 3 5 3 7 3 2 8 0 4  0  . 4 8 4 2 3 6 5 8 5 1  
H  1.  0 -4 . 5 4 1 0 4 3 3 0 2 6  1 .  1 5 1 6 2 5 3 3 9 6  -1 . 5 0 4 3 2 5 5 2 5 1  
Energy = -1926.705915 Hartree 
ZPE = 0.179037 Hartree 
B3LYP / LANL2DV+ 2f for Re, G3Large for P, S, 6-311+G (2d) 
for O, 6-31G(d) for C, H 
Energy = 
-1926.847716 Hartree 
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Table S2: Coordinates and absolute energies of rhenium(VII) models 11 in chart 3 
and Me(edt)ReVII02 (A, B) and Me(edt)RevnOS C in figure 1. 
rshy-° L/Re-CH3 
u O 
B 3 L Y P /  L A N L 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  
for C,and H 
0  8 .  0  1  . 5 5 6 0 2 8 7 0 5 9  0 .  0 2 2 9 5 2 1 0 4 8  - 2 .  0 4 6 1 4 1 5 9 6 2  
RE 75 .  0  1  . 1 7 9 4 6 7 7 4 0 9  - 0  .  1 0 4 3 8 3 5 4 4 6  - 0 .  3 9 2 9 5 4 9 1 1 6  
S 16 .  0  - 0  . 9 6 7 5 7 9 0 7 9 0  - 0 .  7 6 8 9 8 7 4 4 4 8  0 .  4 4 3 0 9 8 5 4 6 9  
0  8 .  0  2  . 5 2 9 2 9 3 4 2 0 4  - 0 .  1 6 2 5 4 8 2 7 4 1  0 .  6 3 3 1 6 4 4 2 4 8  
0  8 .  0  0  . 3 9 2 3 0 6 5 1 5 5  1 .  5 7 0 8 6 9 9 2 3 0  - 0 .  0 1 9 6 5 1 7 6 4 7  
C 6 .  0  1  . 1 0 2 8 2 2 6 5 6 2  — 2 . 2 5 4 8 2 6 8 0 7 0  - 0 .  5 9 6 6 4 1 8 3 3 7  
H 1  .  0  2 . 0 8 1 3 1 8 6 1 3 6  -2 . 4 7 5 8 4 3 5 8 9 8  - 1 .  0 3 5 3 9 3 8 4 3 8  
H 1  .  0  0  . 3 1 1 5 2 9 5 1 2 5  -2 . 5 7 1 8 5 4 8 4 6 1  - 1 .  2 7 5 9 8 1 1 2 8 9  
H 1  .  0  1  . 0 0 6 5 9 4 3 6 9 4  -2 . 7 3 9 4 3 3 8 0 0 2  0  .  3 7 4 2 7 7 8 9 1 3  
C 6 . 0  - 0  . 9 8 3 4 1 5 3 8 0 6  1 .  9 1 6 9 3 8 4 8 9 3  0  .  1 5 1 7 0 8 7 5 8 6  
C 6 .  0  - 1  . 6 3 4 6 6 4 4 9 9 4  0 .  8 5 3 6 3 6 1 6 1 3  1 .  0 1 3 5 8 8 2 5 4 4  
H 1  .  0  - 1  . 3 9 1 0 6 2 9 8 3 5  0 .  9 9 1 3 9 2 0 2 9 1  2. 0 7 1 4 3 2 9 9 0 0  
H 1  .  0  -2 . 7 2 2 4 7 8 9 8 8 4  0  .  8 4 0 3 0 3 7 2 6 4  0 .  8 9 7 4 2 8 0 0 4 2  
H 1  . 0  - 1  . 0 0 3 7 0 8 6 2 8 7  2 . 9 0 7 8 4 0 5 1 7 5  0 .  6 1 8 6 8 0 0 0 5 8  
H 1  .  0  - 1  . 4 5 6 4 5 1 8 6 7 8  1 .  9 7 3 9 4 5 4 0 5 1  - 0 .  8 3 6 6 1 3 7 9 7 2  
Energy = -821.338848 Hartree 
ZPE = 0.107278 Hartree 
Me (edt) ReVII02 (A) (cis conformer) in figure 1 
B 3 L Y P /  L A N L 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  
for C,and H 
S  16 .0 -0. 4 5 4 7 9 6 5 7 1 0  -0. 9 2 8 8 6 4 5 0 0 4  - 1 .  8 3 9 3 8 6 1 4 7 8  
R E  7 5  .0 -0. 5 7 0 3 9 9 1 7 8 1  - 1 .  2 2 2 2 8 7 8 3 0 7  0. 4 9 4 5 8 8 1 1 7 4  
C  6 .0 -0. 1 3 4 0 3 3 5 5 5 3  -0. 6 6 6 2 2 7 7 1 0 6  2  .  5 4 1 8 0 7 0 1 3 5  
H 1  .0 0. 9 3 4 7 9 9 9 3 8 8  -0. 7 3 2 7 8 8 7 7 5 9  2  .  7 4 2 5 6 5 6 5 3 2  
H 1  .0 -0. 6 7 9 8 3 7 3 5 4 5  - 1 .  4 4 1 2 2 1 4 9 5 6  3 .  0 9 2 1 9 5 7 6 0 0  
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H 1. 0 -0 . 5 2 4 1 4 0 8 8 3 5  0 . 3 1 7 8 4 8 9 6 8 1  2 . 7 9 6 5 3 9 1 5 0 1  
0 8 . 0 -2 . 2 4 2 3 9 1 7 7 7 2  -1. 2 4 5 6 7 6 3 9 5 4  0. 7 9 1 9 2 0 6 9 9 6  
S 16. 0 0 . 6 2 8 7 2 2 9 9 6 8  0. 8 6 9 8 2 6 0 8 3 4  0. 4 4 7 8 3 8 1 4 0 8  
C 6. 0 0 . 9 7 6 8 2 8 9 4 8 7  1. 3 1 9 9 8 0 1 7 8 6  -1. 3 0 4 3 2 0 5 5 9 2  
H 1. 0 1 . 0 8 2 6 1 7 9 2 7 1  2. 4 1 0 6 6 5 4 4 4 4  -1. 3 3 1 6 5 3 4 4 3 7  
H 1. 0 1 . 9 2 3 5 8 9 9 8 2 6  0. 8 6 4 2 8 8 1 0 6 1  -1. 6 0 7 9 8 3 7 6 8 4  
C 6. 0 -0 . 1 5 7 6 7 3 7 5 2 0  0 . 8 5 1 3 6 2 5 3 6 8  — 2 . 1 8 8 5 2 4 8 7 2 9  
H 1. 0 0 . 0 9 1 2 2 9 8 4 5 7  0. 9 2 2 4 3 9 0 8 4 7  — 3 . 2 5 4 0 3 0 6 9 4 2  
H 1. 0 -1 . 0 7 8 3 9 3 7 8 5 4  1. 4 0 8 2 6 0 1 8 6 7  -i. 9 9 6 5 6 1 6 6 6 2  
0 8 . 0 0 . 2 0 3 8 7 7 2 1 8 7  -2 . 7 2 7 6 0 3 9 3 3 2  0. 6150065649 
Energy = -1144.274325 Hartree 
ZPE = 0.104620 Hartree 
B3LYP / LANL2DV+ 2f for Re, G3Large for P, S, 6-311+G (2d) 
for O, 6-31G(d) for C, H 
Energy = -1144.39157 0 Hartree 
Me (edt) ReVII02 (B) (trans conformer) in figure 1 
B 3 L Y P /  L A N L 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  
for C,and H 
C 6. 0  0  .  0 5 1 7 4 2 5 8 0 0  - 0 .  1 1 5 2 8 8 6 5 8 4  -2. 9195111534 
RE 75. 0  - 0  .  3 7 3 7 7 7 1 2 9 4  0 .  0 0 7 8 0 5 8 2 1 6  - 0 .  8 2 3 3 5 6 3 8 2 3  
S 16. 0  - 0 .  6 7 4 5 9 5 2 5 3 5  1 .  6 5 7 9 2 6 2 0 6 2  0 .  8 3 2 5 3 1 7 1 0 8  
S 16. 0 - 0 .  5 0 1 7 9 4 9 5 6 9  - 1 .  7 5 3 6 4 8 4 4 9 0  0 .  6 4 2 0 8 5 9 8 1 9  
0 8 . 0  -1.  9 6 9 7 4 8 2 6 3 9  0 .  3 6 0 8 4 4 7 3 6 1  - 1 .  4 0 5 7 5 8 0 1 6 4  
0 8 . 0  1 .  3 2 1 7 4 8 2 9 4 2  0 .  4 2 7 1 0 5 1 2 7 2  - 0 .  7 9 9 1 7 6 4 4 5 9  
C 6. 0  0  .  4 3 5 2 1 2 4 8 3 6  0 .  6 8 8 2 5 2 0 3 2 6  1.  9 7 5 8 7 8 5 9 2 8  
C 6. 0  - 0 .  0 7 1 6 3 5 1 3 1 4  - 0 .  7 4 7 2 5 3 7 2 0 9  2 . 1 9 1 9 3 0 0 8 2 6  
H 1 .  0  - 0  .  0 5 6 5 7 4 1 4 5 3  0 .  8 8 4 4 1 4 8 8 8 6  — 3.  3 4 7 7 1 1 8 5 4 3  
H 1 .  0  - 0 .  7 3 8 7 4 9 1 1 8 3  - 0 .  7757187455 -3. 2 9 6 1 8 0 6 1 6 4  
H 1 .  0  1 .  0 5 9 6 1 0 8 7 6 3  - 0 .  5 0 3 2 2 0 5 1 5 6  -3. 0 6 4 8 8 2 9 9 6 4  
H 1 .  0  0 .  4 1 5 7 5 3 2 5 7 1  1 .  2 1 8 2 5 8 6 9 7 6  2 . 9 3 6 3 1 2 2 1 6 2  
H 1 .  0  1 .  4 5 3 3 5 2 7 6 6 2  0 .  7 1 5 1 1 2 7 2 8 4  1 .  5 8 4 7 6 9 1 2 9 9  
H 1.  0  - 1 .  0 1 6 7 5 0 0 1 3 0  - 0 .  7 3 2 5 1 2 3 7 9 1  2 . 7 4 2 9 5 8 9 1 2 7  
H 1 .  0  0 .  6 6 6 2 0 3 8 0 7 1  - 1 .  3 3 2 0 7 7 7 1 5 0  2 . 7 5 0 1 1 0 8 3 8 3  
Energy = -1144.199310 Hartree 
ZPE = 0.103472 Hartree 
96 
B3LYP / LANL2DV+ 2f for Re, G3Large for P, S, 6-311+G (2d) 
for 0, 6-31G (d) for C, H 
Energy = -1144.3152703 Hartree 
(edt) ReVIIOS (C) in figure 1 
B 3 L Y P /  L A N L 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  
for C,and H 
S 16. 0 -0 . 1 9 7 2 9 3 4 6 9 8  -0 . 3 7 7 1 5 8 9 1 1 7  -1.  0 8 2 4 6 5 0 7 2 9  
RE 75. 0 0 . 9 0 9 8 9 7 5 2 2 8  -0 . 3 1 3 3 1 9 1 7 8 9  1 .  0 3 7 2 6 5 8 5 1 7  
0 8 . 0 0 . 2 8 1 2 1 2 9 4 9 6  -1 . 1 5 0 0 4 3 9 3 6 0  2  .  3 6 6 2 5 2 4 1 1 2  
S 16. 0 -0 . 1 8 2 3 0 3 2 8 6 2  1 . 7 6 4 7 8 1 5 3 9 0  1 .  1 5 8 3 3 6 6 5 0 4  
S 16. 0 2  . 9 2 0 3 4 0 1 9 3 6  0 . 2 9 9 0 6 7 5 6 0 5  1 .  2 9 3 3 7 6 4 0 4 6  
C 6. 0 1 . 4 1 7 8 7 7 7 7 9 4  -2 . 2 1 5 7 2 7 4 9 8 5  0 .  0 6 9 8 2 3 3 0 8 3  
C 6. 0 - 1  . 6 2 2 1 8 3 8 2 5 0  1  . 7 1 1 7 9 4 7 0 6 0  0 .  0 1 7 7 4 6 7 3 5 0  
C 6. 0 - 1  . 1 4 8 4 9 3 4 0 4 1  1  . 1 8 5 4 8 2 8 6 9 1  - 1 .  3 1 8 9 9 5 2 9 3 6  
H 1 .  0 1  . 9 8 8 8 5 1 0 6 8 0  -2 . 0 7 6 6 3 0 0 8 1 8  -0. 8 4 6 8 6 5 3 3 9 7  
H 1 .  0  0 . 5 0 8 6 3 6 1 2 5 9  -2 . 7 8 6 9 4 4 2 8 8 0  -0. 1 1 5 6 2 8 0 9 6 7  
H 1 .  0  2 . 0 2 4 6 7 5 5 0 2 4  -2 . 7 1 4 6 2 7 9 3 2 3  0 .  8 3 0 7 3 4 6 5 7 8  
H 1 .  0 -0 . 5 0 8 4 8 0 4 6 0 5  1  . 9 1 4 6 2 8 7 2 3 0  - 1 .  8 2 6 0 5 3 8 9 8 2  
H 1 .  0 -1 . 9 9 2 5 6 9 6 8 9 6  0 . 9 4 1 3 6 3 2 1 8 8  - 1 .  9 7 4 3 5 5 1 0 0 5  
H 1 .  0 -1 . 9 9 7 2 2 9 7 5 5 7  2 . 7 3 9 0 3 9 6 3 3 9  -0. 0 5 8 1 0 0 0 9 9 1  
H 1 .  0 -2 . 4 0 2 9 3 7 3 0 3 9  1  . 0 7 8 2 9 3 4 7 0 8  0 .  4 4 8 9 2 6 9 3 3 9  
Energy = -1467.212771 Hartree 
ZPE = 0.102987 Hartree 
Table S3: Coordinates and absolute energies of Cl4Re=E (E= N,0) 
Cl4ReN 
N 7 .0 0  . 0 0 0 0 0 0 0 0 0 0  0 .  0 0 0 0 0 0 0 0 0 0  1 .  9 5 9 5 7 9 8 4 9 9  
RE 75 .0 0  . 0 0 0 0 0 0 0 0 0 0  0 .  0 0 0 0 0 0 0 0 0 0  0 .  3 2 1 5 8 3 7 7 0 7  
CL 17 .  0  - 2  . 2 4 8 3 9 2 3 6 8 8  0 .  0 0 0 0 0 0 0 0 0 0  - 0 .  1 6 7 7 9 0 9 0 5 1  
CL 17 .  0  0  . 0 0 0 0 0 0 0 0 0 0  - 2  .  2 4 8 3 9 2 3 6 8 8  - 0 .  1 6 7 7 9 0 9 0 5 1  
CL 17 .0 2  . 2 4 8 3 9 2 3 6 8 8  0 .  0 0 0 0 0 0 0 0 0 0  - 0 .  1 6 7 7 9 0 9 0 5 1  
CL 17 .  0  0  . 0 0 0 0 0 0 0 0 0 0  2 .  2 4 8 3 9 2 3 6 8 8  - 0 .  1 6 7 7 9 0 9 0 5 1  
Energy = -197 4.45341 Hartree 
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Cl4ReO 
0 8 . 0 0 . 0 0 0 0 0 0 0 0 0 0  0 . 0 0 0 0 0 0 0 0 0 0  2 . 0 6 2 4 4 4 9 4 2 2  
RE 75. 0 0 . 0 0 0 0 0 0 0 0 0 0  0 . 0 0 0 0 0 0 0 0 0 0  0 . 4 0 6 6 3 2 4 9 6 7  
CL 17 . 0 -2 . 2 0 4 9 7 6 9 3 7 2  0 . 0 0 0 0 0 0 0 0 0 0  -0 . 2 1 4 7 6 9 3 5 9 7  
CL 17 . 0 0 . 0 0 0 0 0 0 0 0 0 0  -2 . 2 0 4 9 7 6 9 3 7 2  — 0 . 2 1 4 7 6 9 3 5 9 7  
CL 17 . 0 2 . 2 0 4 9 7 6 9 3 7 2  0 . 0 0 0 0 0 0 0 0 0 0  -0 . 2 1 4 7 6 9 3 5 9 7  
CL 17 . 0 0 . 0 0 0 0 0 0 0 0 0 0  2 . 2 0 4 9 7 6 9 3 7 2  -0 . 2 1 4 7 6 9 3 5 9 7  
Energy = -1994.95612 Hartree 
Table S4: Coordinates and absolute energies of Me3P, Me3P=0, Pyridine, Pyridine 
oxide, Me2S, Me2SO, Me3P=S, Me3As, Me3As=S, Me(edt)RePH3 in table 7 and 8. 
Me3P 
B 3 L Y P /  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  f o r  P ,  C , a n d  H  
P 1 5 .  0  - 0  .  0 0 0 0 0 0 6 0 8 3  - 0  .  0 0 0 0 0 1 6 0 7 6  0 .  0 9 1 9 0 0 0 6 4 0  
C 6. 0  0 .  8 2 5 0 6 2 6 5 3 6  1 .  4 2 9 0 4 0 1 6 2 4  0 .  9 6 4 3 3 0 1 2 1 9  
C 6. 0  0 .  8 2 5 0 5 7 2 8 2 7  - 1 .  4 2 9 0 4 6 2 3 7 3  0 .  9 6 4 3 3 0 5 4 7 6  
c  6. 0  - 1 .  6 5 0 1 1 8 4 5 1 9  0 .  0 0 0 0 0 4 6 0 1 0  0 .  9 6 4 3 3 1 7 9 9 5  
H  1 .  0  1 .  8 7 6 0 2 7 7 4 7 2  - 1 .  4 8 1 1 0 0 8 0 3 9  0 .  6 5 8 8 3 7 4 2 3 3  
H  1 .  0  0 .  3 4 4 6 6 3 9 6 2 7  - 2  .  3 6 5 2 3 4 5 5 2 1  0  .  6 5 8 8 2 9 2 4 5 1  
H 1 .  0  0  .  7 8 2 7 0 8 0 2 8 9  - 1 .  3 5 5 7 0 0 8 4 2 2  2  .  0 5 8 9 8 3 4 6 6 0  
H 1 .  0  0 .  3 4 4 6 5 1 8 0 4 8  2  .  3 6 5 2 3 4 8 0 2 1  0  .  6 5 8 8 4 3 3 7 5 8  
H 1 .  0  1 .  8 7 6 0 2 0 4 8 7 8  1 .  4 8 1 1 1 0 7 6 6 8  0  .  6 5 8 8 2 3 3 6 6 7  
H 1 .  0  0 .  7 8 2 7 2 4 7 2 7 6  1 .  3 5 5 6 8 8 9 4 2 3  2  .  0 5 8 9 8 1 9 6 7 2  
H 1 .  0  — 2 . 2 2 0 6 8 2 9 3 9 9  0 .  8 8 4 1 3 1 7 7 5 2  0 .  6 5 8 8 2 3 9 7 4 3  
H 1 .  0  - 1 .  5 6 5 4 2 8 5 1 3 8  0 .  0 0 0 0 1 0 0 9 8 1  2  .  0 5 8 9 8 3 0 7 8 0  
H  1 .  0  —2 . 2 2 0 6 8 6 1 8 1 4  - 0 .  8 8 4 1 3 7 1 0 4 9  0  .  6 5 8 8 3 8 2 7 0 5  
Energy = -460.943072 Hartree 
ZPE = 0.113367 Hartree 
B 3 L Y P  /  G 3 L a r g e  f o r  P ,  S ,  6 - 3 1 1 + G ( 2 d )  f o r  0 ,  6 - 3 1 G ( d )  f o r  C ,  
H 
Energy = -460.982780 Hartree 
98 
Me3P=0 
B 3 L Y P /  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  f o r  P ,  C , a n d  H  
0  8  .  0  — . 0 0 0 0 0 3 8 2 8 4  .  0 0 0 0 0 1 9 5 7 8  - 1  . 3 2 2 6 5 0 8 1 0 8  
p  1 5 .  0  _ . 0 0 0 0 0 0 1 3 0 4  . 0 0 0 0 0 2 5 2 3 5  . 1 8 4 1 4 3 4 1 8 6  
c  6 .  0  . 8 3 9 3 9 6 1 2 7 3  1 .  4 5 3 8 7 8 5 7 9 2  . 9 2 4 8 9 7 1 8 3 5  
c  6 .  0  . 8 3 9 3 9 5 1 8 3 2  - 1 .  4 5 3 8 7 3 3 8 3 4  . 9 2 4 8 9 9 8 5 7 9  
c  6 .  0  - 1  . 6 7 8 7 9 1 9 6 0 9  0 0 0 0 0 1 4 1 0 5  . 9 2 4 9 0 3 5 3 0 6  
H  1 .  0  1  . 8 7 8 3 1 1 3 2 8 5  —  1  .  4 7 8 8 8 9 2 5 1 8  . 5 8 1 8 9 9 9 4 0 2  
H  1 .  0  . 3 4 1 6 1 2 7 4 1 7  — 2  .  3 6 6 1 0 9 5 5 5 0  . 5 8 1 8 8 0 3 7 1 3  
H 1 .  0  . 8 2 2 2 3 1 9 7 5 6  - i .  4 2 4 1 7 0 8 9 5 5  2  . 0 2 0 2 0 2 5 5 0 7  
H 1 .  0  . 3 4 1 6 1 4 5 6 7 1  2  .  3 6 6 1 0 6 2 3 5 5  . 5 8 1 8 7 7 8 4 0 3  
H 1 .  0  1  . 8 7 8 3 0 7 9 3 4 5  1 .  4 7 8 8 8 4 5 5 9 1  . 5 8 1 8 9 4 4 2 0 1  
H 1 .  0  . 8 2 2 2 3 4 0 1 3 3  1 .  4 2 4 1 7 2 5 9 6 0  2  . 0 2 0 2 0 8 9 4 8 3  
H 1 .  0  - 2  . 2 1 9 9 1 4 4 9 0 2  8 8 7 2 1 3 8 1 4 3  . 5 8 1 8 9 7 1 9 7 7  
H 1 .  0  - 1  . 6 4 4 4 8 2 2 9 5 7  0 0 0 0 0 3 3 6 6 6  2  . 0 2 0 2 1 0 2 7 3 3  
H 1 .  0  - 2  . 2 1 9 9 1 1 1 6 3 6  - .  8 8 7 2 1 5 2 2 5 7  . 5 8 1 8 9 1 7 7 8 4  
Energy = -536.17 4503 Hartree 
ZPE = .118895 Hartree 
B 3 L Y P  /  G 3 L a r g e  f o r  P ,  S ,  6 - 3 1 1 + G ( 2 d )  f o r  0 ,  6 - 3 1 G ( d )  f o r  C ,  
H 
Energy = -536.254172 Hartree 
MeaP=S 
B 3 L Y P /  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  f o r  P ,  C , a n d  H  
S 16. 0  - 0 .  0 0 0 0 0 9 6 9 1 4  - 0 .  0 0 0 0 0 0 3 2 6 0  -1.  7 7 4 3 0 5 4 9 8 6  
P 15. 0  0 .  0 0 0 0 0 1 7 5 3 1  - 0 .  0 0 0 0 0 0 4 0 0 1  0 .  2 0 2 3 9 9 5 1 6 1  
C 6. 0  0 .  8 3 8 3 5 4 9 8 1 6  1.  4 5 2 0 8 8 2 6 9 5  0 .  9 5 8 8 4 0 6 8 9 4  
c 6. 0  0 .  8 3 8 3 6 2 0 3 6 0  -1. 4 5 2 0 8 3 8 4 9 9  0 .  9 5 8 8 4 1 2 9 3 8  
c 6. 0  - 1 .  6 7 6 7 2 0 2 6 1 2  - 0 .  0 0 0 0 0 8 8 0 6 8  0  .  9 5 8 8 4 6 7 9 0 0  
H 1 .  0  1 .  8 7 8 0 4 1 9 4 7 2  -1.  4 7 7 7 8 5 3 2 0 2  0 .  6 2 0 2 1 9 6 8 7 0  
H 1 .  0  0  .  3 4 0 7 8 4 5 9 6 6  —2 . 3 6 5 3 2 2 0 3 5 3  0 .  6 2 0 2 1 9 5 2 4 7  
H 1 .  0  0 .  8 1 1 7 6 1 3 5 2 5  -i. 4 0 6 0 1 0 0 1 3 0  2 . 0 5 4 0 6 5 6 1 5 4  
H 1 .  0  0  .  3 4 0 7 9 1 0 5 6 1  2 . 3 6 5 3 1 6 8 3 8 5  0  .  6 2 0 2 0 9 8 7 4 3  
H 1 .  0  1 .  8 7 8 0 4 2 9 7 8 0  1 .  4 7 7 7 7 8 0 6 0 9  0 .  6 2 0 2 3 4 9 8 0 5  
H 1 .  0  0 .  8 1 1 7 4 3 3 6 1 5  1 .  4 0 6 0 1 8 9 2 7 2  2 . 0 5 4 0 6 9 4 2 2 3  
H 1 .  0  —2 . 2 1 8 8 1 2 9 5 0 9  0 .  8 8 7 5 4 1 7 4 7 5  0 .  6 2 0 2 2 4 4 2 8 5  
H  1 . 0  - 1 . 6 2 3 5 2 0 2 6 7 5  - 0 . 0 0 0 0 0 3 8 4 5 0  2 . 0 5 4 0 6 8 7 5 7 8  
H  1 . 0  - 2 . 2 1 8 8 2 0 8 9 1 8  - 0 . 8 8 7 5 2 9 2 4 6 8  0 . 6 2 0 2 2 1 4 1 9 2  
Energy =  - 8 5 9 . 1 0 8 4 0 6  Hartree 
ZPE = 0.117109 Hartree 
B 3 L Y P  /  G 3 L a r g e  f o r  P ,  S ,  6 - 3 1 1 + G ( 2 d )  f o r  O ,  6 - 3 1 G ( d )  f o r  
H 
Energy =  - 8 5 9 . 1 8 9 9 2 6  Hartree 
Pyridine (Py) 
B 3 L Y P / 6 - 3 1 G ( d )  
N 7. 0 0 0 0 0 0 0 3 9 3 5  . 0 0 0 0 0 0 0 0 0 0  - 1  . 3 7 1 4 4 6 6 2 1 5  
C 6. 0 0 0 0 0 0 0 4 9 4 7  . 0 0 0 0 0 0 0 0 0 0  1  . 4 3 7 1 3 5 0 8 2 1  
C 6. 0 —  1 .  1 4 1 8 5 6 2 0 2 0  . 0 0 0 0 0 0 0 0 0 0  - . 6 7 1 6 9 2 0 1 0 5  
C 6. 0 1 .  1 4 1 8 5 4 9 3 2 2  . 0 0 0 0 0 0 0 0 0 0  - . 6 7 1 6 9 1 5 3 5 9  
C 6. 0 1 .  1 9 8 7 7 2 8 5 8 0  . 0 0 0 0 0 0 0 0 0 0  . 7 2 3 5 8 5 5 7 8 0  
C 6. 0 - 1 .  1 9 8 7 7 1 1 4 9 7  . 0 0 0 0 0 0 0 0 0 0  . 7 2 3 5 8 5 3 9 7 9  
H 1 .  0 -2. 0 5 9 6 6 3 1 2 7 1  . 0 0 0 0 0 0 0 0 0 0  - 1  . 2 5 8 8 8 1 4 6 9 2  
H 1 .  0 2. 0 5 9 6 6 2 5 5 8 5  . 0 0 0 0 0 0 0 0 0 0  - 1  . 2 5 8 8 8 1 9 1 5 1  
H 1 .  0 2. 1 5 8 3 7 8 6 3 6 3  . 0 0 0 0 0 0 0 0 0 0  1  . 2 3 3 1 9 7 7 2 4 8  
H 1 .  0 —2 . 1 5 8 3 7 8 1 0 2 2  . 0 0 0 0 0 0 0 0 0 0  1  . 2 3 3 1 9 6 9 8 1 3  
H 1 .  0 - .  0 0 0 0 0 0 3 0 2 8  . 0 0 0 0 0 0 0 0 0 0  2 . 5 2 4 6 9 9 9 8 9 2  
Energy =  - 2 4 8 . 1 2 9 9 4 3  Hartree 
Z P E  =  . 0 8 8 8 2 6  H a r t r e e  
B 3 L Y P  /  6 - 3 1 1 + G ( 2 d )  f o r  N ,  6 - 3 1 G ( d )  f o r  C ,  H  
Energy = -248.149627 Hartree 
Pyridine Oxide (PyO) 
B 3 L Y P /  6 - 3 1 + G ( d )  f o r  O ,  6 - 3 1 G ( d ) f o r  N ,  C ,  H  
0 8 . 0 . 0 0 0 0 0 0 3 3 1 1  . 0 0 0 0 0 0 0 0 0 0  -2 . 6 4 2 8 8 7 7 0 9 1  
N 7 . 0 - . 0 0 0 0 0 3 6 0 5 1  . 0 0 0 0 0 0 0 0 0 0  -1 . 3 5 5 5 6 7 7 3 3 6  
C 6. 0 . 0 0 0 0 0 1 9 2 5 1  . 0 0 0 0 0 0 0 0 0 0  1 . 4 4 7 5 5 2 4 7 3 6  
C 6. 0 -1 . 1 7 9 5 9 3 2 2 8 4  . 0 0 0 0 0 0 0 0 0 0  - . 6 5 8 1 8 5 7 4 7 4  
C 6. 0 1 . 1 7 9 5 9 8 5 9 2 1  . 0 0 0 0 0 0 0 0 0 0  - . 6 5 8 1 8 8 4 5 0 5  
c 6. 0 1 . 1 9 5 1 7 8 7 1 3 0  . 0 0 0 0 0 0 0 0 0 0  . 7 2 5 6 1 1 1 4 6 3  
c 6. 0 -1 .1951810014 . 0 0 0 0 0 0 0 0 0 0  . 7 2 5 6 0 7 7 8 7 5  
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H 1. 0 -2 . 0 5 9 3 4 4 5 7 6 9  . 0 0 0 0 0 0 0 0 0 0  - 1  . 2 8 7 9 9 5 6 1 2 1  
H 1. 0 2 . 0 5 9 3 4 2 2 9 7 7  . 0 0 0 0 0 0 0 0 0 0  - 1  . 2 8 7 9 9 4 3 7 6 2  
H 1. 0 2 . 1 5 6 9 7 7 0 1 3 9  . 0 0 0 0 0 0 0 0 0 0  1 . 2 2 9 7 6 5 4 7 7 6  
H 1. 0 -2 . 1 5 6 9 7 5 9 8 6 7  . 0 0 0 0 0 0 0 0 0 0  1 . 2 2 9 7 6 4 9 0 8 0  
H 1. 0 - . 0 0 0 0 0 0 4 7 4 5  . 0 0 0 0 0 0 0 0 0 0  2 . 5 3 2 5 1 7 8 3 6 9  
Energy = -323.271798 Hartree 
ZPE = .092997 Hartree 
B 3 L Y P  /  6 - 3 1 1 + G ( 2 d )  f o r  N  a n d  0  a n d  6 - 3 1 G ( d )  f o r  C ,  H  
Energy = -323.311819 Hartree 
Dimethyl sulfide (MegS) 
B 3 L Y P /  6 - 3 1 + G ( d )  f o r  S ,  6 - 3 1 G ( d ) f o r  C ,  H  
C  6 .  0  - 1  . 3 9 6 9 0 1 0 4 8 1  - . 0 0 0 0 0 4 9 6 3 0  - . 0 1 6 5 2 7 9 1 8 3  
S  1 6 .  0  . 0 0 0 0 0 0 1 1 1 6  . 0 0 0 0 0 2 0 4 6 6  - 1 . 1 9 5 4 6 2 1 0 2 1  
C  6 .  0  1  . 3 9 6 8 9 8 9 9 9 5  - . 0 0 0 0 0 6 0 7 7 8  - . 0 1 6 5 2 8 1 8 7 7  
H  1 .  0  - 1  . 3 8 6 0 9 0 4 2 8 0  . 8 9 5 6 9 6 5 9 1 7  . 6 1 2 9 9 1 2 1 8 8  
H  1 .  0  - 1  . 3 8 6 0 9 1 7 7 3 7  - . 8 9 5 6 8 9 3 7 3 9  . 6 1 2 9 9 5 6 9 4 4  
H  1 .  0  - 2  . 3 1 4 4 7 4 4 6 8 3  . 0 0 0 0 0 0 0 4 5 4  - . 6 1 1 7 3 0 1 9 6 1  
H  1 .  0  1  . 3 8 6 0 8 9 9 7 3 1  . 8 9 5 6 9 2 4 4 2 9  . 6 1 2 9 9 7 7 8 7 1  
H  1 .  0  2  . 3 1 4 4 7 0 1 6 8 2  . 0 0 0 0 0 3 0 8 8 2  - . 6 1 1 7 3 0 2 3 3 8  
H  1 .  0  1  . 3 8 6 0 9 8 4 6 5 6  - . 8 9 5 6 9 3 8 0 0 3  . 6 1 2 9 9 3 9 3 8 8  
Energy = -477.888666 Hartree 
ZPE = .076276 Hartree 
B 3 L Y P /  G 3 L a r g e  f o r  S ,  6 - 3 1 G ( d )  f o r  C ,  H  
Energy = -477.926344 Hartree 
Dime thylsulf oxide (Me2SO) 
B 3 L Y P /  6 - 3 1 + G ( d )  f o r  S  a n d  0  a n d  6 - 3 1 G ( d ) f o r  C ,  H  
C 6 .  0 1 .  3 7 0 0 1 3 1 4 9 2  . 0 7 9 3 3 9 6 6 7 4  - . 2 1 1 6 7 5 3 9 1 5  
S 1 6 .  0 0 0 0 0 7 1 4 3 1 1  . 4 4 2 4 5 5 3 2 1 9  . 9 5 6 6 6 9 0 1 9 3  
0 8 . 0 0 0 0 8 6 7 5 3 7 0  - . 6 6 7 9 3 0 4 5 3 1  1  . 9 9 4 8 5 6 9 9 4 5  
c  6 .  0 - 1 .  3 6 9 6 6 0 2 7 1 2  . 0 7 9 3 8 2 5 4 8 8  - . 2 1 2 0 8 1 0 6 8 8  
H 1 .  0 2 . 3 0 1 6 2 9 8 2 3 7  . 2 0 0 0 8 3 5 3 4 8  . 3 4 6 4 1 5 3 1 0 9  
H 1 .  0 1 .  3 4 1 0 4 0 8 9 4 7  . 7 8 6 4 8 0 4 1 3 3  - 1  . 0 4 7 2 8 0 5 5 9 4  
H 1 .  0 1 .  2 8 0 3 1 4 1 5 0 5  - . 9 5 3 1 7 4 7 5 4 9  - . 5 6 2 9 0 4 9 9 2 5  
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H 
H 
H 
1 . 0  - 2 . 3 0 0 4 6 2 7 6 1 7  
1 . 0  - 1 . 2 8 0 3 4 0 2 1 8 7  
1 . 0  - 1 . 3 4 1 7 3 8 6 6 0 1  
. 2 0 0 1 1 2 2 2 7 4  
. 9 5 3 1 1 1 0 9 0 4  
. 7 8 6 3 6 2 5 8 4 8  
. 3 4 7 2 3 3 4 4 6 9  
—.5634263652 
- 1 . 0 4 7 8 0 6 3 9 7 3  
Energy = -553.041147 Hartree 
ZPE = .079670 Hartree 
B3LYP/G3Large for S, 6-311+G(2d)for 0,and 6-31G(d) for C,H 
Energy = -553.121475 Hartree 
Me3As 
B 3 L Y P / 6 - 3 1 G ( d )  
A S  3 3 .  0 0. 0 0 0 0 0 0 6 0 5 2  0 .  0 0 0 0 0 2 7 1 9 8  -0. 0 1 8 1 4 7 2 2 9 8  
C 6 .  0 0. 8 6 6 3 7 1 2 1 4 5  1. 5 0 0 5 9 9 7 7 0 5  0 .  9 6 7 5 2 8 0 7 1 4  
C 6. 0 0 .  8 6 6 3 7 6 6 9 0 4  -1. 5 0 0 6 0 6 7 0 7 7  0. 9 6 7 5 2 4 9 0 1 8  
c  6. 0 -1. 7 3 2 7 5 1 4 5 7 9  -0 .  0 0 0 0 0 2 2 4 1 6  0. 9 6 7 5 2 0 4 6 6 2  
H 1. 0 1.  9 2 0 5 6 1 3 5 2 3  -1. 5 5 0 4 8 5 0 0 6 5  0 .  6 7 7 9 4 3 6 8 1 8  
H 1. 0 0. 3 8 2 4 4 0 9 6 9 9  — 2 . 4 3 8 5 0 0 1 1 9 8  0. 6 7 8 0 2 1 1 9 2 5  
H 1.  0 0. 7 9 7 8 4 3 7 0 0 2  -i. 3 8 1 8 1 7 5 3 2 4  2 . 0 5 4 1 5 3 7 0 4 7  
H 1. 0 0. 3 8 2 4 6 8 1 3 5 5  2 . 4 3 8 5 0 2 3 4 1 1  0 .  6 7 7 9 7 7 9 6 5 7  
H 1. 0 1. 9 2 0 5 7 6 8 4 4 9  1.  5 5 0 4 5 9 9 7 3 0  0 .  6 7 8 0 1 7 1 7 7 4  
H 1. 0 0. 7 9 7 7 7 0 8 7 1 8  1.  3 8 1 8 4 5 8 0 4 5  2 . 0 5 4 1 6 6 6 5 2 2  
H 1. 0 — 2 . 3 0 3 0 3 4 4 8 4 8  0. 8 8 8 0 2 9 6 5 3 7  0. 6 7 7 9 8 9 9 9 1 7  
H 1.  0 —  1  .  5 9 5 6 0 4 4 9 7 2  0. 0 0 0 0 0 0 7 6 1 1  2 . 0 5 4 1 5 7 9 5 5 2  
H 1. 0 -2 . 3 0 3 0 1 9 9 4 3 1  -0. 8 8 8 0 2 9 4 1 2 6  0. 6 7 7 9 8 2 1 6 9 0  
Energy = -2355.142969 Hartree 
ZPE = 0.109919 Hartree 
B3LYP/ G3Large for As and 6-31G(d) for C, H 
Energy = -2355.43334 Hartree 
MegAs=S 
B3LYP/6-31+G(d)for S and 6-31G(d) for As, C, and H 
S  1 6 . 0  - 0 . 0 0 0 0 0 2 7 1 6 1  0 . 0 0 0 0 6 1 0 9 3 6  - 1 . 9 3 1 4 5 5 2 1 1 9  
A S  3 3 . 0  0 . 0 0 0 0 0 1 8 3 7 8  0 . 0 0 0 0 2 8 5 7 6 5  0 . 1 6 8 6 2 5 6 7 5 3  
C  6 . 0  0 . 8 9 4 7 2 4 1 9 6 9  1 . 5 4 9 6 7 9 5 6 9 1  0 . 9 7 7 5 6 0 1 1 2 7  
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C 6. 0 0 . 8 9 4 7 2 7 8 9 5 3  — 1. 5 4 9 7 5 4 9 0 5 3  0. 9 7 7 5 9 8 4 5 3 9  
c 6. 0 -1 . 7 8 9 4 6 1 4 0 5 5  0. 0 0 0 0 1 0 5 1 3 4  0. 9 7 7 5 8 1 2 6 4 0  
H 1. 0 1 . 9 3 1 5 0 8 5 5 0 3  -1. 5 6 2 4 1 7 7 2 7 2  0. 6 3 4 8 6 2 2 7 1 7  
H 1. 0 0 . 3 8 7 3 6 0 2 3 2 0  -2. 4 5 3 9 3 7 0 8 7 8  0. 6 3 4 8 6 0 1 6 7 8  
H 1. 0 0 . 8 5 8 7 4 6 1 0 8 1  -1. 4 8 7 4 0 0 9 4 8 1  2 . 0 6 9 7 1 4 0 9 7 0  
H 1. 0 0 . 3 8 7 3 3 4 6 6 2 9  2 . 4 5 3 9 5 1 5 2 9 8  0. 6 3 4 8 2 2 0 1 7 3  
H 1. 0 1 . 9 3 1 5 1 7 0 5 8 8  1. 5 6 2 4 0 6 6 3 8 5  0. 6 3 4 8 4 1 2 2 7 4  
H 1. 0 0 . 8 5 8 7 2 9 8 9 3 6  1. 4 8 7 3 8 4 1 4 3 0  2 . 0 6 9 7 2 0 6 3 0 0  
H 1. 0 -2 . 3 1 8 8 4 8 4 8 6 3  0. 8 9 1 5 0 9 7 3 0 4  0. 6 3 4 8 4 4 9 5 7 3  
H 1. 0 -1 . 7 1 7 4 8 7 6 8 0 7  0. 0 0 0 0 1 9 6 2 6 5  2 . 0 6 9 7 2 0 5 6 9 7  
H 1. 0 -2 . 3 1 8 8 5 0 1 4 9 2  -0. 8 9 1 5 4 0 7 4 9 3  0 . 6 3 4 8 6 0 2 6 7 8  
Energy = -2753.284770 Hartree 
ZPE = 0.114280 Hartree 
B3LYP/G3Large for As and S and 6-31G(d) for C, and H 
Energy = -2753.610712 Hartree 
Me(edt)RePH3 
ex 
B3LYP/ LANL2DV+ 2f for Re, 6-31+G(d) for 0, S, and 6-31G(d) 
for C and H 
C 6. 0 2. 1 9 3 8 5 6 9 1 2 2  0. 1 7 0 2 3 0 8 6 7 4  -0 . 9 0 1 3 2 7 8 7 8 9  
RE 75. 0 0. 1 5 2 5 2 7 7 8 2 4  -0. 0 0 1 9 7 3 5 8 5 9  -0 . 6 0 9 5 2 4 5 0 9 1  
S 16. 0 -0. 6 8 5 7 1 4 7 8 9 7  -1. 7 0 2 6 2 4 9 9 7 3  0. 6 4 0 9 2 7 6 1 2 8  
P 15. 0 -0 . 9 0 7 9 5 0 4 0 2 4  -0. 0 7 3 1 0 5 0 2 3 4  -2 . 5 9 8 9 8 8 5 9 6 7  
S 16. 0 -0. 9 3 3 1 6 9 9 5 4 1  1. 5 4 8 8 5 4 4 1 1 2  0. 6 4 4 3 1 8 1 8 2 3  
C 6. 0 -0. 4 1 6 9 4 4 8 8 0 8  0. 6 8 4 6 5 1 2 0 9 6  2 . 2 3 3 2 2 2 7 4 0 4  
c 6. 0 -0. 9 1 6 7 0 3 2 3 6 4  -0. 7 6 1 9 1 6 5 1 9 1  2 . 2 7 0 6 7 4 0 8 4 9  
H 1. 0 -0. 8 3 5 9 3 4 0 5 9 0  1. 2 5 3 0 5 6 0 7 0 8  3 .  0 7 2 9 6 7 6 9 9 3  
H 1. 0 0. 6 7 5 8 3 7 4 3 0 7  0. 7 2 8 5 2 3 8 8 3 9  2 . 3 2 1 7 2 2 9 5 8 9  
H 1. 0 -1. 9 9 5 0 9 7 2 2 6 0  -0. 7 8 7 7 1 0 0 6 5 0  2 . 4 6 3 9 6 6 8 2 3 2  
H 1. 0 -0. 4 0 7 9 4 4 1 0 7 2  -1. 3 2 7 2 8 7 2 8 3 4  3 .  0 5 7 4 5 3 0 9 1 5  
H 1. 0 -0. 5 4 7 8 6 9 3 6 1 4  -1. 1 1 2 2 2 5 0 8 2 9  - 3 .  5 0 8 1 7 5 5 9 5 3  
H 1. 0 -0. 7 9 4 7 5 6 5 4 3 0  1. 0 1 8 3 4 5 0 5 9 1  - 3. 5 1 2 2 3 5 9 6 9 0  
H 1. 0 —2 . 3 1 6 7 2 6 4 2 5 1  -0. 2 3 2 8 0 0 9 5 7 8  —2 . 6 9 8 5 6 4 8 7 8 4  
H 1. 0 2 . 5 6 6 8 3 9 2 1 3 7  -0. 6 7 5 1 8 4 9 8 9 0  -1. 5 0 4 5 2 1 5 2 0 5  
H 1. 0 2. 7 3 6 8 8 5 9 3 1 0  0. 1 7 0 9 9 7 4 3 4 0  0. 0 5 8 1 2 5 3 2 7 0  
H 1. 0 2 . 4 3 2 7 9 1 1 0 5 2  1. 1 0 7 8 3 6 3 8 7 8  -1. 4 3 0 3 8 1 0 0 2 4  
103 
Energy = -1336.861173 Hartree 
ZPE = 0 .122171 Hartree 
B3LYP/ LANL2DV+ 2f for Re, G3Large for S and P and 6-31G (d) 
for C and H 
Energy = -1336.970020 Hartree 
Table S4: Coordinates and absolute energies of Rhenium(V) intermediates B and D in 
figure 4 
Me (edt) RevO-OPyMe (B) 
B 3 L Y P /  L A N L 2 D V +  2 f  f o r  R e ,  6 - 3 1 + G ( d )  f o r  0 , S ,  a n d  6 - 3 1 G ( d )  
for N, C,and H. 
-S* Re>OPy-Me 
0 8 . 0 . 1 7 3 2 3 5 3 4 4 8  1 . 3 7 0 8 6 4 2 0 0 5  2 . 8 4 2 6 3 9 2 8 6 5  
RE 75. 0 -1 . 0 6 9 7 4 7 6 1 8 2  . 9 0 5 9 2 8 6 8 2 1  1 .  8 0 3 4 1 6 3 0 1 9  
S 16. 0 -2 . 7 3 0 9 6 9 3 6 8 2  . 0 2 5 2 7 7 9 9 0 5  3. 1 0 6 3 5 8 9 1 4 8  
0 8 . 0 -.3961777441 1 . 6 6 4 6 5 2 1 5 2 4  0 3 6 7 1 5 2 0 7 4  
S 16. 0 - . 9 0 8 4 7 0 5 6 3 6  -1 . 2 0 7 0 7 4 7 5 9 0  8 3 6 4 1 3 6 2 3 2  
C 6 . 0 -2 . 4 2 6 0 5 4 4 5 2 5  2 . 5 0 2 1 6 4 7 6 6 2  1.  4 1 6 0 8 6 1 0 6 6  
C 6.  0 -2 . 3 8 0 1 2 8 4 9 2 3  -1 . 8 0 1 9 0 1 2 9 6 2  3. 1 3 3 9 9 5 0 1 2 6  
C 6. 0 -2 . 1 2 2 8 0 4 8 8 4 1  -2 . 3 0 7 4 6 4 7 0 3 2  1 .  7 2 8 4 1 3 4 1 6 4  
H 1.  0 -3 . 0 4 9 2 0 9 1 5 8 7  -2 . 3 2 5 9 3 5 4 2 0 9  1 .  1 4 4 0 8 5 4 8 6 4  
H 1.  0 -1 . 6 9 1 6 7 5 7 7 6 3  -3 . 3 1 5 2 3 6 9 3 6 9  1 .  7 3 3 8 7 9 9 5 3 5  
H 1 .  0 -1 . 5 1 3 3 6 5 9 3 4 5  -1 . 9 8 2 2 3 0 6 2 2 4  3. 7 7 8 3 9 2 2 5 8 8  
H 1 .  0 -3 . 2 5 6 4 8 0 7 8 5 0  -2 . 2 9 4 3 8 3 9 0 2 1  3. 5 7 0 6 1 4 8 3 7 1  
H 1.  0 -3 . 0 8 0 5 9 3 1 9 3 6  2 . 1 6 7 0 6 7 0 0 3 3  5 9 7 2 0 4 5 4 8 1  
H 1 .  0 -1 . 8 8 3 1 0 0 0 1 2 8  3 . 3 8 7 0 1 7 7 4 7 4  1 .  0 5 9 5 2 1 9 0 9 2  
H 1 .  0 -3 . 0 6 6 1 8 2 9 0 1 3  2 . 7 7 3 3 4 5 8 6 9 3  2 . 2 6 2 3 1 8 5 0 5 7  
N 7 . 0 . 5 3 0 1 2 9 8 3 4 6  1 . 0 1 1 6 3 9 8 4 6 9  7 7 3 8 9 9 0 1 0 8  
C 6.  0 2 . 4 5 4 1 5 8 9 5 7 9  - . 1 9 6 9 1 1 9 5 9 1  — 2 . 3 6 7 5 7 9 5 4 2 1  
C 6. 0 1  . 7 3 7 9 1 7 6 7 3 0  . 7 1 7 3 6 8 5 9 3 4  2 4 1 0 4 2 6 4 2 8  
C 6. 0 . 2 3 4 1 0 6 2 6 1 8  . 7 1 7 5 3 3 6 0 0 3  — 2  .  0 5 5 7 3 4 4 6 6 9  
C 6. 0 1  . 1 8 3 2 9 0 5 7 7 2  . 1 1 8 0 5 7 8 7 5 8  -2 . 8 6 6 9 3 6 0 6 7 1  
C 6 . 0 2 . 7 0 8 0 4 4 7 9 2 1  . 1 1 8 3 1 4 6 5 9 0  - 1 .  0 2 4 0 6 1 2 7 9 3  
H 1 .  0 1  . 8 5 0 5 7 9 4 0 0 8  . 9 8 0 0 2 9 0 3 8 2  8 0 4 0 7 2 0 6 6 4  
H 1 .  0 - . 7 6 5 8 1 5 5 4 7 9  . 9 8 9 1 4 1 8 3 3 3  -2 . 3 6 8 2 9 3 2 2 5 8  
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H 1  . 0 . 9 1 5 5 2 7 5 1 0 7  - . 1 1 1 7 3 7 5 9 5 9  -3. 8 9 3 1 4 2 5 4 0 5  
H 1. 0 3 . 6 7 0 1 2 3 8 6 7 2  - . 1 0 4 3 1 5 6 8 7 9  5 7 3 8 1 9 0 1 8 9  
C 6. 0 3 . 5 0 9 3 1 0 7 2 1 8  - . 8 3 0 0 5 9 3 5 8 3  -3. 2 3 5 7 7 2 7 1 8 4  
H 1. 0 3 . 9 9 1 9 8 4 5 6 2 7  - 1  . 6 7 0 3 1 9 2 2 3 8  — 2 . 7 2 4 3 7 8 4 1 5 6  
H 1. 0 4 . 2 9 4 9 7 9 5 0 3 7  - . 1 0 3 8 1 8 0 3 3 3  — 3 . 4 8 0 4 0 6 5 0 5 3  
H 1. 0 3 . 0 8 7 3 8 2 7 2 4 6  - 1  . 1 9 7 0 1 4 2 5 9 3  -4 . 1 7 5 6 3 1 5 8 6 3  
Energy = -1431.6558179 Hartree 
ZPE = 0.222847 Hartree 
B3LYP/ LANL2DV+ 2 f for Re, G3Large for S, and 6-311+G(2d) 
for N and 0, and 6-31G(d) for C and H 
Energy = -1431.79038 Hartree 
Me (edt) RevO-OPMe3 (D) 
B3LYP/ LANL2DV+ 2f for Re, 6-31+G (d) for 0, S, and 6-31G(d) 
for C,and H. 
rS,Re'xChl3 US' "0-PMe3 
0 8 . 0 - . 3 0 0 2 0 2 2 2 7 6  1  . 9 9 3 4 3 4 8 4 3 2  -1 . 6 6 0 2 3 7 2 6 2 3  
RE 75. 0 - . 5 0 1 1 7 6 1 7 6 2  . 3 3 1 3 2 0 7 6 6 9  -1 . 4 8 6 6 4 8 4 7 0 0  
S 16. 0 —2 . 2 4 7 7 6 2 1 5 5 5  - . 2 3 0 3 5 7 1 2 6 2  -2 . 8 3 6 2 2 4 2 0 9 4  
0 8 . 0 1 . 2 1 4 7 0 4 3 4 4 5  -.1016551014 - . 2 4 3 8 6 9 7 5 0 8  
S 16. 0 -1 . 8 0 8 4 6 7 7 9 0 0  - . 4 1 4 2 3 8 0 3 1 3  . 2 8 4 2 7 9 0 1 3 3  
c 6. 0 . 7 2 0 4 6 0 0 3 8 5  - . 7 9 0 6 2 1 1 4 0 3  -2 . 8 1 2 0 6 7 1 0 8 1  
c 6. 0 -3 . 7 3 7 2 9 1 9 7 0 1  - . 1 7 1 0 4 7 6 6 6 9  — 1 . 7 1 9 6 2 6 3 7 9 9  
C 6. 0 -3 . 4 6 1 6 1 3 1 2 8 3  - . 9 1 0 6 3 2 8 2 7 4  - . 4 2 6 0 6 1 2 9 2 9  
H 1. 0 . 6 9 4 7 8 5 9 4 6 1  -1 . 8 3 3 2 5 4 5 4 7 7  -2 . 4 5 6 3 4 3 1 1 3 4  
H 1. 0 1 . 7 6 2 6 6 9 5 7 0 3  - . 4 5 3 6 5 9 8 8 8 2  -2 . 7 4 2 4 8 1 1 6 7 2  
H 1. 0 . 3 9 5 1 5 7 1 1 9 5  - . 7 8 9 5 0 0 9 1 9 4  -3 . 8 5 7 3 4 5 4 0 4 8  
H 1. 0 -3 . 9 8 9 0 5 4 9 4 3 6  . 8 7 7 4 5 8 7 6 0 7  -1 . 5 2 7 1 5 6 7 3 6 2  
H 1. 0 -4 . 5 6 5 5 1 7 8 5 9 6  - . 6 3 6 3 7 2 6 8 6 5  -2 . 2 6 6 5 9 1 0 8 6 9  
H 1. 0 -4 . 2 1 4 6 4 2 8 6 4 8  - . 6 8 6 0 0 4 3 3 7 2  . 3 3 7 4 8 6 8 3 4 7  
H 1. 0 -3 .4411664175 -1 . 9 9 2 5 8 9 8 8 1 6  - . 5 9 2 6 3 8 5 4 0 6  
P 15. 0 1 . 5 9 3 3 8 9 7 3 2 2  . 2 8 0 1 1 1 3 3 7 3  1 . 2 0 1 7 4 5 9 2 0 6  
c 6. 0 3 . 3 8 2 1 5 1 6 6 7 4  . 6 1 6 0 9 1 9 0 6 4  1 . 2 6 0 0 7 3 9 9 6 5  
c 6. 0 1 . 2 5 8 9 4 4 0 1 2 9  - 1  . 0 7 0 7 9 1 7 1 0 0  2 . 3 7 6 0 7 0 6 8 6 1  
C 6. 0 . 7 4 4 1 6 0 5 4 6 2  1 . 7 7 0 5 1 0 0 6 3 1  1 . 8 0 8 8 9 9 6 1 7 4  
H 1. 0 1 . 8 5 9 7 4 4 4 2 8 3  -1 . 9 4 4 4 4 1 2 8 3 5  2 . 1 0 5 0 3 4 9 1 7 3  
H 1. 0 . 1 9 9 5 8 2 1 2 8 6  -1 . 3 3 5 7 8 0 1 8 3 6  2 .3044705115 
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H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
1 . 4 9 6 2 1 5 5 8 8 6  
- . 3 2 5 4 1 0 5 4 7 6  
. 8 7 5 0 2 9 7 8 1 2  
1 . 1 5 4 4 7 1 8 7 4 8  
3 . 7 1 0 7 5 2 1 2 6 8  
3 . 6 0 9 3 9 4 3 8 7 9  
3 . 9206995559 
- . 7 6 9 9 9 2 3 6 1 8  
1 . 5 6 4 2 0 1 1 2 1 6  
2 . 5 7 4 4 1 4 2 5 0 2  
2 . 0 7 7 9 6 0 6 8 7 1  
. 8 1 8 5 3 4 4 1 8 3  
1 . 4 7 9 7 6 4 0 0 8 2  
- . 2 5 2 8 6 2 5 7 4 1  
3 . 4 0 2 3 4 6 7 5 5 1  
1 . 9 0 8 1 5 9 4 6 2 8  
1 . 0 7 8 1 1 2 3 1 1 8  
2 . 7 7 7 0 6 9 4 1 3 8  
2 . 2 8 5 1 1 4 4 6 1 7  
. 6 2 7 8 1 4 5 8 4 3  
. 8 7 0 6 1 2 1 4 0 1  
Energy = -1605.264653 Hartree 
ZPE = .220604 Hartree 
B3LYP/ LANL2DV+ 2 f  for Re, G3Large for S and P, 6 - 3 1 1 + G ( 2 d )  
for 0, and 6-31G(d) for C and H 
Energy = 
-1605.43562 Hartree 
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Chapter IV 
Computational Study of Sulfur Atom Transfer Reactions from Thiiranes 
to ER3 (E = As, P; R = CH3, Ph) 
Paper published in Inorganic Chemistry 
Abdellatif Ibdah, James H. Espenson, and William S. Jenks 
Ames Laboratory and Department of Chemistry, Iowa State University, Ames, IA 
50011-3111 
Email: wsjenks@iastate.edu; espenson@iastate.edu 
Abstract: Computational estimates have been made for the P=S and As=S bond strengths 
in triphenylphosphine sulfide and triphenylarsine sulfide, based on G3 calculations for the 
methyl analogs and isodesmic exchage reactions. Also considering the performance of the 
G3 method level for related compounds, the best estimates are 82 and 68 kcal/mol, 
respectively. While the value for triphenylarsine sulfide is within 2 kcal/mol of the single 
experimental estimate, that for triphenylphosphine sulfide is lower by 6 kcal/mol. (Capps, 
K. B.; Wixmerten, B.; Bauer, A.; Hoff, C. D. Inorg. Chem. 1998, 37, 2861-2864.) Despite 
virtually identical electronegativities of P and As, it is found that there is greater charge 
separation in the P=S bond. It is found that S-atom transfer from thiiranes to arsines is 
exothermic. 
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Introduction 
The fundamental chemistry of second and third row main group elements is of particular 
interest to organic chemists because of the shortcomings of ordinary valence bond 
descriptions of their oxides and sulfides. Even molecular orbital calculations have resulted 
in interpretations that are dependent on the various schemes used to create localized-
looking bonds or bond orders. This also manifests itself in the varying and inconsistent 
ways that such bonds are drawn in the literature. Despite the close analogy, phosphine 
oxide and sulfonyl functions are almost universally represented as apparently double bonds 
(e.g., R3P=0), but the sulfoxide is variously represented as S=0, S+-0 , or S—>0.' While 
it is clear that none of these interactions is a "classic" double bond, consisting of a simple 
strong sigma and pi interaction, detailed descriptions still are not well put in the 
conventional language of organic chemists. Several computational studies suggest that the 
best description of such bonds is a polar sigma bond, supplemented by additional 
electrostatic bonding as evidenced by distorted lone pairs on the oxo atom or a single 
strongly polarized bond, depending - again - on the computational model used and the 
exact type of compound being studied.2"11 
Of practical interest is the corresponding bond strength because of the utility of such 
compounds as oxygen or sulfur sinks in atom-transfer reactions. The extraordinary P-0 
bond dissociation energy of 130 kcal/mol for Ph3P012 has led to its very common use in 
such chemistry.11 For example, in experimental work complementary to these studies, it 
has been found that both Ph3P and Ph3As both react spontaneously in oxygen atom transfer 
reactions. However, these reactions present nearly prohibitive kinetic barriers; for that 
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reason the actual chemistry has been advanced by monomeric and dimeric oxorhenium(V) 
catalysts, as has been reviewed recently.14 
Experimental values for the bond dissociation energies for arsine sulfides are, not 
surprisingly, considerably more sparse than those for more common functions, such as 
phosphine oxides. To the best of our knowledge, only a single value exists, based on the 
heat of reaction of Ph3As with S8.15 It and two other related estimates, are given in Table 1. 
Table 1. R3E=S BDEs estimated by Hoff and coworkers.15 
Compound BDE (kcal/mol) 
Me3P=S 94 
Ph3P=S 88 
Ph3As=S 70 
Given the paucity of data and our interest in these compounds for S-atom transfer 
reactions, we were prompted to pursue a computational investigation into the 
thermochemistry of these atom transfer reactions, which we report here. Computational 
challenges posed by the elements, types of functional groups, and sizes of molecules 
involved are addressed with smaller, but nonetheless realistic, molecules and results are 
compared to the experimental report. 
Computational Methods 
Computations, as described in the text, were carried out using ab initio methods, the 
hybrid density functional B3LYP, and the empirically corrected "Gaussian Theory" 
methods G216™18 and G3.19-21 The G2 calculations were carried out using the Gaussian 94 
package of ab initio programs22 and the G3 calculations were carried out using the 
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Gaussian 03 package.2'1 All other computations were carried out using G AMES S.24 All 
quoted energies are without temperature correction, i.e., at 0 K. All structures were 
confirmed as minima by calculating vibrational frequencies and zero point energies are 
unsealed. All basis sets used were of the Pople type as implemented in G AMES S,25 26 with 
the exceptions of the G2 and G3 calculations themselves and the use of the G3Large basis 
set, available for download from http://chemistry.anl.gov/compmat/comptherm.htm. 
Atomic charges and bond order indices were obtained from the generalized MP2 density 
matrix in GAMESS.27 29 
Results 
Initial stages of the investigation were used to determine practical levels of theory to 
obtain energies using reactions with small molecules. Although it is by no means perfect,21 
Gaussian-3 theory usually produces chemically accurate thermochemical results for the 
great majority of mid-sized organic molecules (< 10 non-H atoms). It was taken as the 
benchmark calculation for comparison to other types of computations. For reasons to be 
discussed below, Gaussian-2 theory, which is more expensive and generally not quite as 
reliable, was also used, though it was not intended as a final solution. For all other 
calculations, fixed geometries, calculated at the MP2/6-31++G(d,p) level were used. Zero 
point energies calculated at the same level as the optimization. Enthalpies - taken as the 
sum of the electronic and zero-point energies - for several reactions are reported in Table 
2. Heats of formation, calculated by the atomization method using the G3 data, are given 
in Table 3. 
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Table 2. Heats of reaction (kcal/mol)." 
MP2(full) 
b 6-31++G(d,p) MP2(full) MP2 B3LYP 
P G3Lfor As, G3Large G3 Large G3 Large 
S.P 
H,As=S + Me-,As H3As + Me3As= -21.1 -17.6 -22.7 -21.2 -20.3 -17.9 
2 /\ + H3As »- H2C=CH2 + H3As=S 12.0 9.7 15.0 13.2 10.4 9.6 
3 A + H3As • <5^ + H3AS=S 15.0 12.1 18.5 16.3 16.8 11.2 
/\ + Me3As H2C=CH2 + Me3As=S -9.1 -7.9 -7.7 -8.0 -9.9 -8.2 
5 ZX+ Me3As • Me3As=S -6.2 -5.6 -4.2 -4.8 -6.7 -6.6 
6 A + H2C=CH2 + À -1.2 -3.0 -2.3 -3.5 -3.2 -3.2 -1.6 
7 + Me3P e- H2C=CH2 + Me3P=! -27.1 -24.3 -26.4 -26.9 -27.4 -26.4 
s 
+ Me3P • + Me3P=S -24.6 -22.0 -22.9 -23.7 -24.2 -24.8 
9 A + H3p • H2C=CH2 + H3P=S -3-4 -2.6 -3.1 -4.1 -6.6 
a All G3 and G2 geometries as per the literature technique; all other energy calculations 
at the MP2/6-31++G(d,p) geometry. All values are calculated for OK. b Heats of 
formation of ethylene, ethylene sulfide, propylene, and propylene sulfide: 12.54 ± .1, 
19.93 ± 0.5,4.8 ± 0.2, 11.0 ± 0.5. (Refs 3031) 
I l l  
Table 3. Heats of formation (kcal/mol),a calculated by atomization at 0 K. 
AHr (0 K), Expta AHf (0 K), G3 
H3AS 17.8 19.1 
H3As=S 38.4 
Me3As -2.7 
Me3As=S -4.5 
H3P 3.5 5.0 
H3P=S 8.9 
Me3P -17.5 
Me3P=S -37.3 
"Experimental values obtained from refs 32 and 18. 
Given that the experimental data for atom transfer chemistry mainly concern the use of 
triphenylphosphine and triphenylarsine, rather than the smaller methyl derivatives, 
computations had to be done with these larger compounds. Since the G3 calculations scale 
approximately as n7, it is not plausible to perform them on molecules with as many as 20 
non-hydrogen atoms (e.g., Ph3PO) at this time. Thus more affordable methods were used 
to do the calculations shown in Table 4. The trends from the data in Table 2 were then 
used to guide the interpretation. Structures were optimized and zero point energies were 
obtained at the MP2 level with the following mixed basis set: 6-31+G(d) for sulfur, 6-
31 G(d) for As and P, and 6-31G for C and H. Single point energies were calculated using 
6-31G(d) for C and H, and G3Large on As, S, and P. Zero point energies for reactions 10-
12 were obtained at the RHF level, rather than MP2. 
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Table 4. Heats of reaction (kcal/mol)." 
Exptb MP2(full) MP2 B3LYP 
10 Ph3As=s +Rh3p • ph3As + ph3p=s -17.7 + 0.8 -18.3 -16.9 -16.3 
11 Ph3P=S + Me3P • Ph3P + Me3P=S -5.6 ± 0.5C -1.3 -1.5 -5.1 
12 Ph3As=S + Me3As • Ph3As + Me3As=S 1.2 1.0 -1.1 
"All energy calculations at the MP2 geometry using 6-31 +G(d) for sulfur, 6-31G(d) for 
As and P, and 6-31G for C and H with ZPE included. All values are calculated for 0 K. 
All energies calculated with G3Large for As, P, S and 6-31(d) for C and H. b Derived 
from ref 15. c Based on the square root of the sum of the square of reported errors 
Discussion 
Methods. Of the various sulfides and oxides of the phosphorus and arsenic, the factors 
that affect the ability to get correct energies are probably best understood for sulfur oxides, 
owing to the importance of S02 as an atmospheric species and its relatively small size. 
Related compounds S03 and dimethyl sulfoxide are also well studied. It is now well 
known that getting the correct absolute energy of such compounds is not a trivial matter. 
Indeed, the error in the heat of formation for S02 is among the worst outliers in the G3 test 
set (error = -3.8 kcal/mol, with stability underestimated), though dimethyl sulfoxide falls 
within the "normal" range of < 2 kcal/mol error.20 Dimethyl sulfone behaves relatively 
well at the G3 level itself (error = -2.3 kcal/mol) but is much worse at, for example, 
G3(MP2) (error = -4.1 kcal/mol).21 S03, POCl3, and S02C12 are also among the outliers, 
but all have deviations of the same sign (negative) and magnitude of 3-5 kcal/mol.21 
The stability of all such compounds is underestimated on an absolute basis using any of 
the Gn and related methods. Both computational method and basis set can play an 
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important role in recovering the error. As pointed out by Bauschlicher, even the 
comparatively rigorous CCSD(T) method had a relatively large (ca. 6 kcal/mol) error in the 
binding energy of SOz even when the usually reliable correlation-consistent basis sets of 
Dunning3' (cc-pVnZ) were extrapolated to the complete basis set limit.14 A "fix" was 
found by the inclusion of very tight d core-polariaztion functions. This approach has been 
examined explicitly for S0235"37 and SO/8"40 and other molecules (See, for example, refs 
41-46.) Although several smaller contributions to the errors are known, such as relativistic 
effects, inner-shell correlation, and vibrational anharmonicity, by far the largest is due to 
the core polarization.39 These data suggest that, regardless of the method, basis sets 
containing tight d functions on the atoms E and Y in molecules of the form R3E=Y is a 
prudent approach to doing further calculations. 
In the case of rigorously isodesmic reactions, cancellation of most of the error due to the 
lack of core polarization may be counted on. However, in the instance of R3P=S and 
R3AS=S, we did not feel that sufficiently reliable data existed to take this approach. 
Furthermore, with the goal of determining the energies of reactions such as eq 5, which are 
not isodesmic at all, in addition to determining the P=S and As=S bond strengths, it is clear 
that core polarization had to be used. 
Among non-specialists,47 the Gn methods, represented most recently by G3, have 
become standard methods for thermochemical calculations of molecules of modest size 
due to their relatively good accuracy and ease of use, particularly within the commercial 
suite of quantum chemistry programs known as GaussianXX (with XX implying the year 
of the update). These methods are borne of the idea that a high level calculation with a 
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large basis set can be well-approximated by several smaller calculations that generate 
"corrections" to a calculation using that same level of theory with smaller basis sets. (An 
additional, empirically derived, correction is also added to generate the best possible 
thermochemical data.) One of the key differences between the G2 and G3 methods is the 
inclusion of core polarization in the new "G3Large" basis set. Thus, although all the Gn 
methods, including G3, still have some difficulty with the oxides of P and S - and thus, we 
assume for all the R3E=S and R3E=0 compounds - it is rational to believe that this error is 
minimized by using the G3 method, compared to others. Furthermore, because of the 
systematic nature of the errors, we can further assume (1) that in isodesmic and quasi-
isodesmic reactions, the errors will approximately cancel out; and (2) that in non-isodesmic 
reactions involving a R3E=Y species, the stability of that compound is underestimated by 
2-5 kcal/mol due to that particular functionality. Because the experimental data are very 
limited, we are forced to use this speculative extension; future work may show that the 
systematic error of G3 is not as consistent throughout this series as might have been 
guessed from the currently available data. 
In order to estimate data for the triphenyl derivatives, the strategy employed was to use 
G3 calculations on small molecules and use isodesmic ligand exchange reactions between 
triphenyl and tri methyl or trihydrido derivatives calculated at a lower level of theory. The 
MP2 and B3LYP methods, with appropriate basis sets, were tested to discern which of 
them was most consistent with G3. The G3Large basis set was used to include core 
polarization, as opposed to the cc-pV(n+d)Z basis sets of Dunning,48'49 for consistency and 
because the latter are considerably larger. 
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R3E=Y Bond Strengths. The R3E=Y values that can be obtained from the present G3 
calculations are shown in Table 5. The calculated P=S bond strength in Me3P=S has been 
reported50 using a variation on the G3 method called G3//B3LYP,51 in which B3LYP-based 
geometries are used instead of MP2(full)-based geometries. (This method is reported to 
give a slightly smaller error in the heat of formation of SO? and related compounds.51) The 
reported G3//B3LYP value is 85.1 kcal/mol,50 which is not significantly different than the 
value reported here, but both vary from the experimental estimate of 94 kcal/mol.15 
Table 5. P=S and As=S bond strengths (kcal/mol) 
Expf G3 Best estimate11 
H3P=S 61.7 63.7 
H3AS=S 46.3 48.3 
Me3P=S 94 85.5 87.5 
Me3As=S 67.5 69.5 
Ph3P=S 88 82.4 
Ph3As=S 70 68.4 
a From ref 15. Stated uncertainties are 3 kcal/mol. b For the H and Me derivatives, these 
values are taken from the G3 estimates with 2 kcal/mol added to compensate for the 
shortcomings in those calculations. For the Ph derivatives, the value is derived from the 
Me derivative and the isodesmic reactions in Table 4. See text for a full explanation 
In order to obtain computational estimates for the E=Y bond strength in the triphenyl 
derivatives, we must choose an appropriate set of isodesmic reactions calculated at a lower 
level of theory. The data in Table 1 (e.g., eq 1, or comparing eq 8 to eq 9) indicate that the 
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bond strength for H3E=S is about 21 kcal/mol weaker than that of Me3E=S, whereas the 
results of Capps suggested that the difference of Ph vs. Me should only be of the order of 6 
kcal/mol. Furthermore, there is considerably more variability in the results shown in Table 
2 for the reactions that involve the hydrides than there is for those involving the methyl 
derivatives. We also have previous experience in comparing simplified sulfoxides using 
methyl and H as substituents; the distinct differences in behavior52™54 convinced us to use 
the methyl compounds as the basis of our further evaluations.55 
We now consider which of the other methods best matched the G3 calculations. The G2 
calculations, which are actually somewhat more expensive than G3 and are thus not 
practical either, merit a short discussion. It is, in all likelihood, no coincidence that 
reactions 4, 5, 7, and 8 as written are all slightly less exothermic at G2 than at G3. 
Because of the lack of core polarization in G2, the stability of the Me3As=S and Me3P=S is 
probably underestimated in a systematically greater manner than any of the other 
compounds, as is understood for S02, sulfoxides, etc. 
In principle, there should be no advantage to MP2 calculations with frozen cores 
(designated MP2) over MP2(full) calculations because correlation energy below the 
valence shells should also be recovered in the latter. The inclusion of core polarization 
functions in the G3Large basis set is also more consistent with the use of MP2(full) 
calculations. There does not seem to be a systematic variation between MP2 and 
MP2(full), and thus, we choose the MP2(full) data over the MP2 data with frozen cores for 
these fundamentally-based reasons. 
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Comparing the MP2(full) and B3LYP results in Table 2 to the G3 values for equations 2-
5 and 6-9, the empirical conclusion depends on which data one examines. For the full data 
set, the average absolute deviation is slightly lower for MP2 than B3LYP (0.9 vs. 1.2 
kcal/mol). However, when only the reactions involving Me3E and Me3E=S are considered, 
the deviation trend is in favor of B3LYP (0.45 vs. 0.9 kcal/mol) and the B3LYP numbers 
are not systematically in one direction or another. Finally, there is better agreement for eq 
11 between experiment and B3LYP than between experiment and MP2. The Hoff group 
directly measured the enthalpy of reaction 10,15 but that reaction does not provide a basis 
for choice between the methods. We thus conclude that - at least on an empirical basis for 
this data set - the B3LYP numbers are a better choice. 
Thus we arrive at determining the "best estimate" values listed in Table 5. For H3P=S, 
H3As=S, Me,P=S, and Me3As=S, these are the G3 calculations, with an extra 2 kcal/mol 
added to compensate empirically for the assumption that, like R3P=Q, S02, S03, and R2SO, 
G3 underestimates the stability of the sulfides by a few kcal/mol. The choice of 2 kcal/mol 
is arbitrary, but is on the conservative side and sits well within the range observed for the 
other compounds. 
The values for Ph3P=S and Ph;As—S are obtained from the Best Estimate values from 
Table 5 for the methyl compounds and the B3LYP values for the isodesmic exchange of 
Ph for Me from Table 4. While the agreement between these predictions and the 
experimental estimate for Ph3As=S is good, that for Ph3P=S is disappointing, in that our 
computational estimate is almost 6 kcal/mol lower.56 Some of that could be artificially 
recovered by using the MP2(full) isodesmic reaction energy from Table 4, instead of the 
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B3LYP reaction energy. However, there does not seem to be any justification for that, 
particularly in that the G3 estimate for Me3P is also much lower than the experimental 
estimate. Moreover, the authors of the experimental paper note15 that they estimate a P=S 
bond strength for Bu3P=S that is 4 kcal/mol higher than a previous report and suggest that 
a middle-ground value ought to be taken as the best experimental estimate. 
Enthalpies of S atom transfer from alkenes to R3E. Calculated energies for S atom 
transfer from alkenes to phosphines and arsines are given in Table 6. The approach here is 
analogous to that above; we take the G3 values from Table 2, adjust them by 2 kcal/mol to 
compensate for the underestimation of Me3E=S stability, and then use the B3LYP 
isodesmic reactions from Table 4 to bring in the phenyl derivatives. The choice of propene 
as the model olefin is arbitrary (but seemed more representative than ethylene), and 
adjustment could be made to any other olefin by a straightforward isodesmic exchange 
reaction of the corresponding alkenes and thiiranes. The clear conclusion to be drawn 
from Table 6 is that while the S-transfer from thiiranes to phosphines is clearly more 
exothermic, the transfer to arsines is also thermodynamically reasonable and ought to go to 
completion in most cases. 
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Table 6. Enthalpies for sulfur atom transfer from propene to R3E (kcal/mol) 
G3 Best estimate3 
8 5 / \ + Me3P — • + Me3P=S -24.6 -26.6 
5 / \ Me3As »- Me3As=S -6.2 -8.2 
13 A. + Ph3P — —*- + Ph3P=S -21.5 
14 S ÀJL + Ph3As — —— + Ph3As=S -7.1 
a G3 values are adjusted by 2 kcal/mol to compensate for underestimation of stability of 
R3E=S. Values for eqs 13-14 are determined from the best estimates for eqs 8 and 5 plus 
the isodesmic exchange reactions 11 and 12. 
The experimental results indicate that this is so.14-57 The relative rates of the reactions, 
however, derive from other steps involving the catalysts. For example, the illustrated 
dimeric catalyst is about 102 times more capable than its monomeric analog. The rate of 
atom transfer reactions with the superior catalysts, considering Ph3P relative to Ph3As, is 
Ph3As »Ph3P because the side reaction of catalyst monomerization (which leads to the 
great lessening of catalytic activity) occurs only for the former ligand. Ph3As is too weak a 
Lewis base to drive the catalyst-deactivating monomerization to an appreciable extent. 
!:ReS£/ + 2 Ph3E — 2 s(g)s 
S^Ji "Re~EPh, 
E = P, As 
Bonding in R3E=S. Two recent treatments of the bonding in compounds like 
trimethylphosphine sulfide and trimethylarsine sulfide merit some discussion in the context 
of this work. Dobado and coworkers applied Bader's Atoms in Molecules method to 
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describe the bonding in the oxides of amines, phosphines, and arsines.5 An advantage of 
this approach is that it does not depend on the method of bond localization used or the 
basis set chosen, but rather is based on the total electron density, and the characters of local 
minima and maxima, to describe bonding.58 Dobado was interested in distinguishing 
between models that advocated (i) a a bond and two jt bonds; (ii) a a bond and three back 
bonds; and (iii) three banana bonds. The AIM analysis showed a bond critical point along 
the o bond axis and three more trigonally disposed about the O (or S) atom in such an 
arrangement as to support the notion of a highly polarized « bond and three lone pairs on 
O (or S) in an orientation staggered with respect to the substituents on the central element 
(E). The degree of ionicity of the a bond depended on the difference in electronegativity 
between E and O (or S). They conclude that "the XZ bond in the Y3XZ series of 
molecules is a single, highly polarized a bond, with strength dependent on the electrostatic 
interactions between the X and Z atoms."5 
Chesnut and coworkers used a different analysis, also based on AIM, but used 
derealization indices and particular description of bond order based on the Cioslowski-
Mixon bond localization scheme.10 By this method, the ionic contribution to the total bond 
P-S (or P-O) bond order for Me,P=S (or =0) is 36% or 43%, respectively. They state that 
the ionicity of the P-0 bond is about 67%, whereas that of the P-S bond is about 4%. 
It is not reasonable to give quantitative comparisons of quantities like bond order, atomic 
charge, ionicity and the like unless precisely the same calculations are done across a series 
of compounds. Although each system is sensible in its own way, the definitions are 
different (some might say arbitrary), and some systems end up being sensitive to basis set. 
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Thus, in this paper, we do not attempt to quantitatively add the arsine sulfides to the table 
of values reported by Chesnut. 
Since the main value of the calculated bond orders resides in their relative values in a 
series rather than their absolute values, we feel comfortable commenting briefly on the 
simple Mulliken charges and bond orders obtained here, and presented in Table 7. These 
were obtained with only 6-31G(d) basis sets for P and S and 6-31G basis sets on C and H; 
this is known to be a basis set where the Mulliken scheme performs well.59 Comparable 
S=0 bond indices are about 1.36 for simple dialkyl sulfoxides and about 1.60 for simple 
sulfones.60,61 
Table 7. Mulliken charges and bond orders for R3E=S 
Charge, E Charge, S Bond order 
Me,P=S 0.78 -0.50 1.55 
Me3As=S 0.50 -0.46 1.42 
Ph3P=S 0.87 -0.51 1.52 
Ph3As=S 0.40 -0.47 1.38 
Both charge separation and bond order are somewhat higher for the phosphine sulfides, 
compared to the arsine sulfides. This is not simply a matter of electronegativity, since the 
electronegativity of P and As are nearly identical. We speculate that the more chemically 
reasonable rationalization is that overlap between two second-row elemental atomic 
orbital s is better than between a second and a third row element. (This phenomenon is 
widely recognized, if not well documented, in comparison of first row - first row bonds to 
first row - second row bonds.) Better overlap in a dative sigma bond should result in 
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greater electron donation from P to S than from As to S, and thus greater charge 
separation. In order to partially compensate for this greater charge separation, the electron 
density associated with the non-bonding electrons formally based on the sulfur will be 
polarized back towards the P nucleus, which will again increase the strength of the 
interaction. 
In order to avoid semantic issues deriving from the method of localization, it is 
preferable and straightforward to look at the canonical orbital s for such a distortion. These 
orbitals are symmetry adapted, though, and thus have a different look than the localized 
ones most often considered. Illustrated schematically below, the three approximately non-
bonding pairs derive from an spz hybrid pointing along the E-S axis away from E (gray), 
and from the two px and py valence orbitals (blue and green, respectively) on S. A 
localized picture of non-bonding pairs would have three equivalent banana bonds or three 
spMike hybrid non-bonding orbitals. 
C3«o 
Figure 1 illustrates the sp-type non-bonding pair and the px-based orbital, which is 
degenerate with the (not illustrated) py-based pair as a pair of HOMOs. The py-based 
orbital is essentially identical, save that it interacts mainly with the single methyl group in 
the center of the drawing, rather than the outer two. The solid drawings are cut off at the 
0.95 contour, and the contour plots (in the plane of the page) are shown below. Clearly, 
there is greater distortion of the orbital and thus "backbonding" or electrostatic attraction 
for the phosphine sulfide than for the arsine sulfide. The sp-type lone pair, illustrated as 
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contour plots through the plane of the paper, is the next orbital down, and clearly has some 
bonding character. However, the corresponding orbitals in the two compounds are much 
more similar. 
Figure 1. Nominally non-bonding orbitals in Me3As=S (orange central atom) and Me3P=S 
(green central atom). 
Me3As=S Me3P=S 
Py lone pair (solid) 
Py lone pair (in-plane contour) 
r 
Pz lone pair (in plane contour) 
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Conclusions 
The computed values of 82 and 68 kcal/mol for the E=S bond strengths of Ph3P=S and 
Ph3As=S are certainly subject to some uncertainty. The two major sources are the 
reliability of the G3 method for sulfides of this type, given its overestimation of total 
energies for related oxides, and a surprisingly large difference in the enthalpy of an 
isodesmic exchange reaction between Me3P=S and Ph3P calculated using B3LYP and 
MP2(full) methods. Nonetheless, these data confirm the reasonableness of the 
experimental estimates of 88 ± 3 and 70 ± 3 kcal/mol, respectively. Further refinement will 
require additional experimental work and/or an enhanced ability to treat molecules of this 
size with computations of sufficiently accurate computational models. It is clear, however, 
that S-atom transfer from thiiranes to arsines and phosphines is exothermic. 
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Supporting Information 
Table of Contents 
Table SI: Coordinates and absolute energies of reactions from 1 to 9 in table 2 
Table S2: G2(0K) and G3(0K) absolute energy 
Table S3: Coordinates and absolute energies of reactions 10, 11, and 12 in table 4 
Table SI: Coordinates and Absolute Energies in table 2 
Arsine s (H3As) 
M P 2 / 6 - 3 1 + + G ( d , p )  
A S  3 3 . 0  - 0 . 0 0 0 0 0 0 0 0 4 2  
H  1 . 0  0 . 6 3 2 2 7 7 1 4 8 3  
H 
H 
1 . 0  0 . 6 3 2 2 7 7 1 4 8 2  
1 . 0  - 1 . 2 6 4 5 5 4 2 9 2 3  
0 . 0 0 0 0 0 0 0 0 0 0  
1 . 0 9 5 1 3 6 1 5 4 0  
- 1 . 0 9 5 1 3 6 1 5 3 9  
-0.0000000001 
0 . 4 3 7 6 6 5 9 5 8 0  
1 . 2 6 2 5 9 5 8 8 0 9  
1 . 2 6 2 5 9 5 8 8 1 0  
1 . 2 6 2 5 9 5 8 8 0 1  
M P 2 / 6 - 3 1 + + G ( d , p )  
ZPE 
MP2(full)/6-31++G(d,p)/G3L for As 
MP2(full)/G3L 
MP2/G3L 
B3LYP/G3L 
-2235.7567050 Hartree 
022960 HARTREE/MOLECULE 
-2237.10177 51 Hartree 
-2237 .10758 92 Hartree 
-2236.0714062 Hartree 
-2237.5675374 Hartree 
Arsinesulfide (H3As=S) 
M P 2 / 6 - 3 1 + + G ( d , p )  
S  1 6 . 0  0 .  
A S  3 3 . 0  0 .  
H 1.0 0. 
H 1.0 0. 
H 1.0 -1. 
M P 2 / 6 - 3 1 + + G ( d , p )  
ZPE 
MP2(full)/6-31++G 
MP2(full)/G3L 
MP2/G3L 
B3LYP/G3L 
0 0 0 0 0 0 0 4 9 8  
0000000161 
6 6 6 2 1 2 3 7 2 4  
6 6 6 2 1 2 3 7 1 7  
3 3 2 4 2 4 8 1 0 0  
d,p)/G3L for 
- 0 ,  
- 0 ,  
1 ,  
- 1 ,  
- 0 ,  
0  
As, S 
0 0 0 0 0 0 0 0 0 3  
0 0 0 0 0 0 0 0 0 3  
1 5 3 9 1 3 6 6 8 7  
1 5 3 9 1 3 6 6 7 9  
0000000002 
- 2 6 3 3  
0 2 7 1 6 7  
- 2 6 3 5  
- 2 6 3 5  
- 2 6 3 3  
- 2 6 3 5  
- 1 . 5 4 6 3 5 1 3 3 7 7  
0 . 5 1 9 7 6 2 8 3 0 5  
1 . 2 1 0 2 2 6 1 3 2 2  
1 . 2 1 0 2 2 6 1 3 1 2  
1 . 2 1 0 2 2 6 2 4 3 8  
. 3755168 Hartree 
HARTREE/MOLECULE 
. 1261816 Hartree 
.1312429 Hartree 
.7809615 Hartree 
.7172708 Hartree 
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Trimethylarsine (Me3As ) 
M P 2 / 6 - 3 1 + + G ( d , p )  
AS 3 3 .  0 -0. 0 0 0 0 0 4 0 6 2 4  0. 0 0 0 0 0 2 1 0 0 2  -0 . 0 3 9 7 8 2 2 3 8 0  
C 6. 0 0. 8 5 0 3 4 8 5 5 4 9  1. 4 7 2 8 5 9 9 7 8 2  0 . 9 6 0 9 5 7 2 7 5 5  
c 6. 0 0. 8 5 0 3 6 5 6 8 4 7  -1. 4 7 2 8 2 4 6 6 0 9  0 . 9 6 1 0 0 0 6 5 7 9  
c 6 . 0 -1. 7 0 0 7 0 0 9 9 0 6  -0. 0 0 0 0 0 9 9 1 5 7  0 . 9 6 0 9 6 3 3 7 8 8  
H 1. 0 1. 9 0 4 9 8 2 8 9 8 2  -1. 5 3 1 8 1 4 4 6 9 1  0 . 6 9 4 0 8 6 7 9 3 5  
H 1. 0 0. 3 7 4 1 0 2 9 9 3 7  -2 . 4 1 5 7 0 2 9 0 4 7  0. 6 9 4 0 5 0 5 3 3 2  
H 1. 0 0. 7 5 7 9 0 5 8 7 6 2  -1. 3 1 2 7 8 0 0 7 0 0  2 . 0 3 5 7 3 3 7 5 4 8  
H 1. 0 0 . 3 7 4 1 1 7 3 9 0 7  2 . 4 1 5 6 7 6 1 3 4 5  0. 6 9 4 0 5 5 1 6 2 2  
H 1. 0 1. 9 0 4 9 8 9 5 9 2 6  1. 5 3 1 8 1 1 9 7 4 4  0. 6 9 4 0 7 8 1 4 2 5  
H 1. 0 0 . 7 5 7 9 0 1 5 6 9 9  1. 3 1 2 7 8 2 0 7 6 8  2 . 0 3 5 7 5 7 7 1 5 7  
H 1. 0 -2 . 2 7 9 0 8 2 7 1 3 5  0. 8 8 3 8 6 3 2 9 6 2  0. 6 9 4 0 9 1 8 7 8 1  
H 1. 0 -1. 5 1 5 8 3 7 9 7 7 7  -0. 0 0 0 0 1 9 6 5 3 9  2 . 0 3 5 7 7 0 2 7 7 7  
H 1. 0 -2 . 2 7 9 0 8 8 8 1 6 6  -0. 8 8 3 8 4 3 8 8 8 6  0 . 6 9 4 0 7 3 3 6 8 0  
M P 2 / 6 - 3 1 + + G ( d , p )  
ZPE 
MP2(full)/6-31++G(d,p)/G3L for As 
MP2(full)/G3L 
M P 2 / G 3 L  
B 3 L Y P / G 3 L  
- 2 3 5 3 . 3 2 2 7 8 5 1  H a r t r e e  
113169 HARTREE/MOLECULE 
- 2 3 5 4 . 6 9 4 8 7 4 1  
- 2 3 5 4 . 9 2 1 4 8 4 5  
- 2 3 5 3 . 7 5 0 9 4 9 0  
- 2 3 5 5 . 4 8 0 4 9 7 7  
Hartree 
Hartree 
Hartree 
Hartree 
Trimethylarsinesulfide (Me3As=S) 
M P 2 / 6 - 3 1 + + G ( d , p )  
S 1 6 .  0  - 0 .  0 0 0 0 0 6 8 1 8 0  0 .  0 0 0 0 0 0 4 7 0 5  - 1 .  9 1 0 9 4 0 1 7 4 1  
AS 3 3 .  0  - 0  .  0 0 0 0 0 3 1 6 8 4  - 0 .  0 0 0 0 0 2 1 1 4 2  0 .  1 6 3 8 9 5 0 6 2 1  
C 6. 0  0 .  8 8 1 4 6 2 6 3 5 1  1 .  5 2  6 7  5  6 6 8  6 9  0 .  9 7 4 1 2 2 7 7 1 5  
C 6. 0  0 .  8 8 1 4 6 2 0 6 4 5  —  1 .  5 2 6 7 5 4 5 3 4 3  0 .  9 7 4 1 2 6 3 3 7 0  
C 6. 0  - 1 .  7 6 2 9 3 5 5 0 5 5  - 0 .  0 0 0 0 0 2 1 9 8 5  0 .  9 7 4 1 1 0 5 0 4 2  
H 1 .  0  1 .  9 1 6 4 0 5 7 5 3 9  - 1 .  5 4 6 4 0 3 9 8 1 0  0 .  6 3 8 3 8 1 6 4 6 3  
H 1 .  0  0 .  3 8 1 0 5 1 1 9 2 1  — 2 . 4 3 2 8 5 5 5 9 4 1  0 .  6 3 8 3 3 7 1 8 8 8  
H 1 .  0  0 .  8 4 0 5 9 5 2 1 7 4  - 1 .  4 5 6 0 1 5 5 2 2 7  2 . 0 6 0 8 7 4 9 1 6 5  
H 1 .  0 0 .  3810515011 2 . 4 3 2 8 5 4 3 9 3 1  0 .  6 3 8 3 3 5 8 3 1 9  
H 1 .  0  1 .  9 1 6 4 0 4 8 8 8 5  1 .  5 4 6 4 0 3 9 4 9 3  0 .  6 3 8 3 7 9 6 0 3 0  
H 1 .  0 0 .  8 4 0 5 9 5 5 0 8 9  1 .  4 5 6 0 1 6 0 3 4 5  2 . 0 6 0 8 7 4 3 9 0 7  
H 1 .  0  -2. 2 9 7 4 2 7 7 5 2 0  0 .  8 8 6 4 4 0 8 6 9 0  0 .  6 3 8 3 8 1 4 3 8 2  
H 1 .  0 - 1 .  6 8 1 2 3 0 3 1 5 0  - 0 .  0 0 0 0 0 2 8 1 2 8  2 . 0 6 0 9 0 5 8 4 5 0  
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H  1 . 0  - 2 . 2 9 7 4 2 5 2 0 3 3  - 0 . 8 8 6 4 3 5 6 4 5 9  0 . 6 3 8 3 7 1 1 3 9 0  
M P 2 / 6 - 3 1 + + G ( d , p )  - 2 7 5 0 . 9 7 3 0 2 9 3  H a r t r e e  
ZPE 0.115786 HARTREE/MOLECULE 
M P 2 ( f u l l ) / 6 - 3 1 + + G ( d , p ) / G 3 L  f o r  A s , S  - 2 7 5 2 . 7 5 3 9 3 0 9  H a r t r e e  
MP2(full)/G3L -2752.9772717 Hartree 
M P 2 / G 3 L  - 2 7 5 1 . 4 9 1 3 2 8 3  H a r t r e e  
B 3 L Y P / G 3 L  - 2 7 5 3 . 6 5 7 1 2 5 9  H a r t r e e  
Phosphines (H3P) 
M P 2 / 6 - 3 1 + + G ( d , p )  
P 15.0 
H 1.0 
H 1.0 
H 1.0 
- 0 . 0 0 0 0 0 0 0 3 6 1  
0 . 5 9 7 1 2 6 3 5 8 8  
0 . 5 9 7 1 2 6 3 5 8 5  
- 1 . 1 9 4 2 5 2 7 8 1 2  
0 . 0 0 0 0 0 0 0 0 0 3  
1 . 0 3 4 2 5 3 2 4 2 4  
- 1 . 0 3 4 2 5 3 2 4 2 5  
- 0 . 0 0 0 0 0 0 0 0 0 2  
0 . 1 8 8 9 4 6 5 2 3 4  
0 . 9 3 1 0 4 1 2 6 5 0  
0 . 9 3 1 0 4 1 2 6 5 1  
0 . 9 3 1 0 4 1 2 4 6 6  
M P 2 / 6 - 3 1 + + G ( d , p )  - 3 4 2 . 5 8 0 5 2 7 6  H a r t r e e  
ZPE 0.025178 HARTREE/MOLECULE 
M P 2 ( f u l l ) / 6 - 3 1 + + G ( d , p ) / G 3 L  f o r  P  - 3 4 2 . 9 5 8 0 5 2 8  H a r t r e e  
M P 2 ( f u l l ) / G 3 L  - 3 4 2 . 9 6 3 6 2 5 3  H a r t r e e  
M P 2 / G 3 L  - 3 4 2 . 6 5 2 0 0 2 8  H a r t r e e  
B3LYP/G3L -343.1137571 Hartree 
Phosphinesufide (H3P=S) 
M P 2 / 6 - 3 1 + + G ( d , p )  
S  1 6 . 0  
P 15.0 
H 1.0 
H 1.0 
H 1.0 
- 0 . 0 0 0 0 0 0 0 0 3 4  
- 0 . 0 0 0 0 0 0 0 0 5 2  
0 . 6 1 9 7 6 2 7 5 6 5  
0 . 6 1 9 7 6 2 7 5 6 2  
- 1 . 2 3 9 5 2 5 6 0 4 7  
0 .  0 0 0 0 0 0 0 0 0 3  
0 .  0 0 0 0 0 0 0 0 0 0  
1 .  0 7 3 4 6 0 6 1 6 3  
- 1 .  0 7 3 4 6 0 6 1 6 3  
- 0  .  0 0 0 0 0 0 0 0 0 4  
- 1 .  7 3 6 7 9 8 8 3 5 4  
0  .  2 0 9 4 2 8 3 1 3 0  
0 .  8 6 0 9 2 0 2 0 6 5  
0 .  8 6 0 9 2 0 2 0 8 1  
0 .  8 6 0 9 2 0 2 0 7 7  
M P 2 / 6 - 3 1 + + G ( d , p )  - 7 4 0 . 2 1 5 8 2 3 0  H a r t r e e  
ZPE 0 . 0 3 0 4 1 2  HARTREE/MOLECULE 
MP2(full)/6-31++G(d,p)/G3L for P,S -741.0088221 Hartree 
MP2(full)/G3L -741.0142080 Hartree 
M P 2 / G 3 L  - 7 4 0 . 3 8 5 7 1 1 3  H a r t r e e  
B 3 L Y P / G 3 L  - 7 4 1 . 2 9 0 3 6 5 3  H a r t r e e  
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Trimethylphosphine (Me3P) 
M P 2 / 6 - 3 1 + + G ( d , p )  
P 15. 0  . 0 0 0 0 0 7 9 8 7 6  - . 0 0 0 0 0 0 3 4 6 6  . 0 7 5 0 6 6 3 7 1 7  
c 6. 0  . 8 1 2 3 5 4 7 1 8 3  1  . 4 0 7 0 4 0 1 2 9 5  . 9 5 8 6 3 2 3 5 9 2  
c 6. 0  . 8 1 2 3 5 5 6 5 0 4  -1 . 4 0 7 0 4 0 1 6 1 0  . 9 5 8 6 3 0 2 4 0 4  
c 6. 0  -1 . 6 2 4 7 2 3 8 0 2 7  - . 0 0 0 0 0 1 2 2 6 7  . 9 5 8 6 3 8 0 0 3 5  
H 1 .  0  1 . 8 6 2 5 2 1 3 9 1 9  -1 .4  666935396 . 6 7 2 0 6 9 3 9 3 0  
H 1 .  0  . 3 3 8 9 3 0 2 4 8 6  -2 . 3 4 6 3 3 5 9 2 7 3  . 6 7 2 0 5 7 0 3 5 0  
H 1 .  0  . 7 4 9 0 2 2 6 6 2 8  -1 . 2 9 7 3 5 7 8 1 5 8  2 . 0 4 3 8 2 1 2 0 9 5  
H 1 .  0  . 3 3 8 9 3 0 6 7 5 5  2 . 3 4 6 3 3 5 7 0 3 8  . 6 7 2 0 6 0 7 1 7 1  
H 1 .  0  1  . 8 6 2 5 2 1 2 3 3 8  1 . 4 6 6 6 9 3 4 8 4 5  . 6 7 2 0 7 2 3 4 7 5  
H 1 .  0  . 7 4 9 0 2 1 5 5 1 5  1 . 2 9 7 3 5 5 8 0 3 9  2 . 0 4 3 8 2 2 9 8 9 2  
H 1.  0  -2 . 2 0 1 4 4 5 1 1 3 7  . 8 7 9 6 3 6 2 6 4 2  . 6 7 2 0 6 5 7 2 5 9  
H 1 .  0  -1 . 4 9 8 0 5 2 5 9 0 8  . 0 0 0 0 0 8 0 3 8 2  2 . 0 4 3 8 2 2 9 0 5 1  
H 1 .  0  -2 . 2 0 1 4 4 4 6 1 3 6  - . 8 7 9 6 4 0 4 0 7 9  . 6 7 2 0 7 7 4 0 2 9  
M P 2 / 6 - 3 1 + + G ( d , p )  
ZPE 
MP2(full)/6-31++G(d,p /G3L for P 
MP2(full)/G3L 
MP2/G3L 
B3LYP/G3L 
-460.1504169 Hartree 
.115159 HARTREE/MOLECULE 
-460.5553592 Hartree 
-460.7786270 Hartree 
-460.3331462 Hartree 
-461.0294764 Hartree 
Trimethylphosphinesulfide (Me3P=S) 
M P 2 / 6 - 3 1 + + G ( d , p )  
S 1 6 .  0 -0. 0 0 0 0 0 0 2 4 5 5  -0. 0 0 0 0 0 0 3 4 5 9  -1. 7 5 7 3 5 7 8 2 7 7  
P 1 5 .  0 -0. 0 0 0 0 0 2 0 6 6 8  0 . 0 0 0 0 0 0 5 0 1 4  0. 1 9 9 5 0 7 1 6 9 8  
c 6. 0 0 . 8 2 8 5 3 0 3 6 2 9  1. 4 3 5 0 3 7 1 0 0 3  0. 9 5 6 1 5 2 7 1 1 6  
C 6. 0 0. 8 2 8 5 2 6 0 0 4 2  -1. 4 3 5 0 3 9 1 1 4 6  0. 9 5 6 1 5 3 3 6 8 9  
c 6 . 0 — 1 . 6 5 7 0 4 1 9 4 7 6  -0. 0 0 0 0 0 2 4 2 1 5  0. 9 5 6 1 5 2 4 7 7 8  
H 1. 0 1. 8 6 5 2 2 0 4 5 0 1  -1. 4 6 4 2 1 6 7 3 0 8  0 . 6 2 3 7 2 0 3 4 3 1  
H 1. 0 0 . 3 3 5 4 3 9 2 3 3 9  -2 . 3 4 7 4 4 0 2 9 7 6  0. 6 2 3 7 1 3 6 1 0 7  
H 1. 0 0. 7 9 5 3 7 4 9 5 3 1  -1. 3 7 7 6 3 8 8 8 9 8  2. 0 4 5 0 7 9 5 1 0 8  
H 1. 0 0. 3 3 5 4 3 8 8 3 8 7  2. 3 4 7 4 4 1 6 3 7 0  0. 6 2 3 7 0 9 2 4 2 5  
H 1. 0 1. 8 6 5 2 1 8 3 6 1 4  1. 4 6 4 2 1 5 9 6 4 1  0. 6 2 3 7 2 3 6 8 3 7  
H 1. 0 0. 7 9 5 3 7 2 9 1 0 6  1. 3 7 7 6 4 0 5 3 2 5  2 . 0 4 5 0 7 9 1 3 2 0  
H 1. 0 ~2 . 2 0 0 6 6 2 0 3 3 0  0. 8 8 3 2 2 1 9 7 5 4  0. 6 2 3 7 2 3 8 1 5 8  
H 1. 0 -1. 5 9 0 7 5 5 1 5 7 6  -0. 0 0 0 0 0 1 2 3 6 2  2 . 0 4 5 0 8 2 8 5 2 3  
H 1. 0 -2. 2 0 0 6 5 9 6 6 4 3  -0. 8 8 3 2 1 8 6 7 4 4  0. 6 2 3 7 1 6 4 0 8 8  
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MP2/6-31++G(d,p) -857.8075583 Hartree 
ZPE 0.118 655 HARTREE/MOLECULE 
MP2(full)/6-31++G(d,p)/G3L for P, S -858.6450280 Hartree 
M P 2 ( f u l l ) / G 3 L  - 8 5 8 . 8 6 5 3 5 9 9  H a r t r e e  
M P 2 / G 3 L  - 8 5 8 . 1 0 2 3 3 4 7  H a r t r e e  
B 3 L Y P / G 3 L  - 8 5 9 . 2 3 6 0 0 0 8  H a r t r e e  
Ethylene (C2H4) 
M P 2 / 6 - 3 1 + + G ( d , p )  
H 1 .  0  . 9 2 2 3 1 5 6 5 2 2  . 0 0 0 0 0 0 0 0 2 6  —  1  . 2 3 4 0 3 7 5 2 5 9  
C 6. 0  - . 0 0 0 0 0 0 0 0 0 2  - . 0 0 0 0 0 0 0 2 5 7  -.66 9561629 6 
C 6. 0  - . 0 0 0 0 0 0 0 0 0 3  - . 0 0 0 0 0 0 0 0 3 8  .66956162 98 
H 1 .  0  - . 9 2 2 3 1 5 6 5 2 0  . 0 0 0 0 0 0 0 1 8 0  -1 . 2 3 4 0 3 7 5 2 6 3  
H 1 .  0  . 9 2 2 3 1 5 6 5 1 8  . 0 0 0 0 0 0 0 1 2 1  1  . 2 3 4 0 3 7 5 2 5 9  
H 1 .  0  - . 9 2 2 3 1 5 6 5 1 5  - . 0 0 0 0 0 0 0 0 3 2  1  . 2 3 4 0 3 7 5 2 6 2  
M P 2 / 6 - 3 1 + + G ( d , p )  
Hartree 
ZPE 
HARTREE/MOLECULE 
M P 2 ( f u l l ) / 6 - 3 1 + + G ( d , p )  
MP2(full)/G3L 
M P 2 / G 3 L  
B3LYP/G3L 
Propylene (C3H6) 
M P 2 / 6 - 3 1 + + G ( d , p )  
- 7 8 . 3 2 2 3 6 8 2  
. 0 5 1 7 9 0  
-78 . 333660 Hartree 
- 7 8 . 4 8 2 5 1 1 3  H a r t r e e  
- 7 8 . 3 9 4 1 9 2 2  H a r t r e e  
-78.5645588 Hartree 
H 1.0 
C 6 . 0  
H 1.0 
C 6 . 0  
C 6.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
- . 0 9 6 8 6 8 0 2 5 7  
- . 0 2 7 5 4 4 4 9 9 5  
- . 9 5 5 8 0 6 7 3 3 0  
1 . 1 5 9 1 5 3 2 1 6 9  
2 . 4 8 9 8 9 6 4 3 1 4  
3 . 3 1 4 8 0 0 5 6 8 3  
2 . 5 9 7 6 8 4 6 3 4 6  
2 . 5 9 7 6 8 4 6 3 1 2  
1 . 1 7 1 7 3 8 2 6 1 9  
- . 0 0 0 0 0 0 0 0 0 3  
- . 0 0 0 0 0 0 0 0 0 3  
- . 0 0 0 0 0 0 0 0 0 2  
- . 0 0 0 0 0 0 0 0 0 3  
- . 0 0 0 0 0 0 0 0 0 2  
- . 0 0 0 0 0 0 0 0 0 2  
. 8 8 0 2 0 5 7 1 1 8  
- . 8 8 0 2 0 5 7 1 0 0  
- . 0 0 0 0 0 0 0 0 0 2  
. 0 0 2 4 4 1 1 9 0 4  
1 . 0 8 3 6 4 2 2 9 3 5  
1 . 6 3 7 9 0 7 5 4 0 1  
1 . 7 0 8 8 5 8 4 1 4 0  
1 . 0 0 0 4 8 2 0 0 7 8  
1 . 7 1 0 5 8 8 1 6 9 3  
. 3 6 5 6 8 6 6 7 3 3  
. 3 6 5 6 8 6 6 7 5 3  
2 . 7 9 3 7 4 1 9 4 9 3  
M P 2 / 6 - 3 1 + + G ( d , p )  
ZPE 
-117.5082421 Hartree 
.080808 HARTREE/MOLECULE 
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M P 2 ( f u l l ) / 6 - 3 1 + + G ( d , p )  -117 . 5 2 3 6 4 6 7  Hartree 
MP2(full)/G3L -117 . 7 4 7 7 2 8 6  Hartree 
M P 2 / G 3 L  -117 . 6 1 4 6 2 8 1  Hartree 
B 3 L Y P / G 3 L  -117 .8 6558 03 Hartree 
Ethylenesulfide (C2H4S) 
M P 2 / 6 - 3 1 + + G ( d , p )  
H 1. 0 1 . 2 4 7 6 6 1 2 0 5 2  . 9 1 2 5 1 4 2 0 7 3  1 . 1 0 5 5 5 2 3 7 3 3  
C 6. 0 . 7 4 1 5 6 4 4 1 9 2  . 0 0 0 0 0 0 0 0 2 3  . 8 2 0 4 3 3 5 2 5 5  
C 6. 0 - . 7 4 1 5 6 4 4 8 0 7  - . 0 0 0 0 0 0 0 0 1 5  . 8 2 0 4 3 3 5 6 8 3  
S 16. 0 . 0 0 0 0 0 0 0 0 5 8  - . 0 0 0 0 0 0 0 0 1 3  - . 8 3 5 8 4 9 5 5 8 6  
H 1. 0 1 . 2 4 7 6 6 1 1 9 2 7  - . 9 1 2 5 1 4 1 9 8 6  1 . 1 0 5 5 5 2 3 7 4 4  
H 1. 0 -1 . 2 4 7 6 6 1 1 6 4 3  . 9 1 2 5 1 4 1 6 0 3  1 . 1 0 5 5 5 2 3 6 0 3  
H 1. 0 -1 . 2 4 7 6 6 1 1 7 8 0  - . 9 1 2 5 1 4 1 6 8 5  1 . 1 0 5 5 5 2 3 5 6 8  
M P 2 / 6 - 3 1 + + G ( d , p )  
ZPE 
M P 2 ( f u l l ) / 6 - 3 1 + + G ( d , p ) / G 3 L  f o r  S  
MP2(full)/G3L 
MP2/G3L 
B 3 L Y P / G 3 L  
-475.9661998 Hartree 
05 6957 HARTREE/MOLECULE 
Hartree 
Hartree 
Hartree 
Hartree 
- 4 7 6 . 3 8 2 9 2 4 4  
- 4 7 6 . 5 2 8 0 8 3 5  
- 4 7 6 ,  
- 4 7 6 ,  
1 2 1 3 6 4 2  
7 3 0 6 3 4 7  
Propylenesulfide (C3H6S) 
M P 2 / 6 - 3 1 + + G ( d , p )  
C 6.0 
C 6.0 
H 1.0 
C 6.0 
H 1.0 
H 1.0 
S 16.0 
H 1.0 
H 1.0 
H 1.0 
- . 0 0 6 5 5 5 8 5 0 2  
- . 0 4 6 3 6 7 6 3 2 8  
. 8 3 1 4 1 5 3 3 4 9  
- 1 . 3 3 1 1 5 2 6 2 4 5  
- 2 . 2 1 8 1 0 6 9 3 3 9  
- 1 . 3 2 9 1 5 5 9 3 2 5  
-.6963149096 
. 8 4 1 0 6 0 1 1 0 5  
. 0 8 1 5 4 1 4 3 8 1  
- . 9 1 9 4 1 0 2 7 2 9  
. 0 2 2 6 3 6 1 0 2 1  
. 0 2 1 7 2 6 2 0 6 6  
. 4 3 6 6 9 6 7 3 1 6  
. 2 5 0 2 4 3 4 5 6 7  
. 3 5 7 2 7 7 0 8 9 7  
. 8 3 6 9 6 6 6 6 9 6  
- 1 . 4 4 8 0 8 3 0 7 0 8  
- . 5 5 1 7 6 3 7 3 0 9  
1 . 0 4 6 4 6 6 2 3 0 7  
- . 4 1 7 3 2 0 8 3 2 3  
- . 4 4 0 8 6 7 0 0 2 6  
1 . 0 6 4 8 9 5 1 1 0 5  
1 . 5 4 9 0 3 4 0 8 8 3  
1 . 7 6 6 4 4 2 9 5 7 5  
1 . 1 5 3 8 0 6 1 4 3 6  
2 . 6 7 6 0 0 1 0 6 3 1  
1 . 9 2 5 6 2 2 5 9 2 1  
- . 8 1 3 2 5 6 9 7 6 8  
- . 8 1 0 4 6 6 5 3 9 3  
- . 8 4 1 3 4 5 9 6 1 4  
M P 2 / 6 - 3 1 + + G ( d , p )  
ZPE 
MP2(full)/6-31++G(d,p)/G3L for S 
MP2(full)/G3L 
M P 2 / G 3 L  
B3LYP/G3L 
-515.0843545 Hartree 
.085731 HARTREE/MOLECULE 
-515.5783154 Hartree 
-515. 7981453 Hartree 
-515.3466680 Hartree 
-516.0339391 Hartree 
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Table S2: G2(0K) and G3(0K) absolute energy 
Compound G2(0 K) 
Hartree 
G3(0 K) 
Hartree 
Arsines (H3As) 
Arsinesulfide (H3As=S) 
Trimethylarsine (Me3As ) 
Trimethylarsinesulfide 
( M e s A s ^ S )  
Phosphines (H3P) 
Phosphinesufide (H3P=S) 
Trimethylphosphine (Me3P) 
Trimethylphosphinesulfide 
( M e s P ^ S )  
Ethylene (C2H4) 
Propylene (C3H6) 
Ethylenesulfide (C2H4S) 
Propylenesulfide (C3H6S) 
S u l f u r  ( S ( ^ P ) )  
- 2 2 3 6 . 0 7 8 4 4 9  
- 2 6 3 3 . 8 1 3 2 5 5  
- 2 3 5 3 . 7 6 9 4 2 7  
- 2 7 5 1 . 5 3 3 2 1 6  
- 3 4 2 . 6 8 0 1 6 1  
- 7 4 0 . 4 3 4 3 1 3  
- 4 6 0 . 3 7 3 0 4 9  
- 8 5 8 . 1 6 2 6 6 2  
- 7 8 . 4 1 5 9 3 2  
-117.642441 
- 4 7 6 . 1 6 5 9 5 5  
- 5 1 5 . 3 9 7 0 3 2  
- 3 9 7 . 6 5 7 1 2 1  
- 2 2 3 7 . 0 7 8 7 6 4  
- 2 6 3 5 . 1 1 3 7 2 2  
- 2 3 5 4 . 9 0 8 9 8 4  
- 2 7 5 2 . 9 7 7 5 9 5  
- 3 4 2 . 9 7 8 5 1 3  
- 7 4 1 . 0 3 7 9 9 7  
- 4 6 0 . 8 0 9 8 0 8  
- 8 5 8 . 9 0 7 0 9 8  
- 7 8 . 5 0 7 4 1 5  
- 1 1 7 . 7 7 9 4 8 9  
- 4 7 6 . 5 6 1 4 5 3  
- 5 1 5 . 8 3 8 2 8 2  
- 3 9 7 . 9 6 1 1 1 0  
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Table S3: Coordinates and absolute energies of reactions 10, 11, and 12 
Trimethylarsine (Me3As) 
HE/6-31(d) for As and 6-31 for C,H 
AS 3 3 .  0  - . 0 0 0 0 0 2 4 2 0 2  . 0 0 0 0 0 0 7 6 9 9  - . 0 0 0 0 7 9 7 9 3 7  
C 6. 0  . 8 5 9 3 8 1 8 0 8 3  1  . 4 8 8 4 8 9 4 6 2 9  . 9 6 3 6 5 0 4 9 9 2  
c 6. 0  . 8 5 9 3 7 6 8 0 7 7  - 1  . 4 8 8 4 9 3 1 2 2 5  . 9 6 3 6 4 9 4 5 1 5  
c 6. 0  - 1  . 7 1 8 7 5 5 9 8 2 0  . 0 0 0 0 0 2 8 2 1 4  . 9 6 3 6 4 6 9 4 7 4  
H 1 .  0  1  . 9 0 5 2 4 1 5 2 8 3  - 1  . 5 4 3 5 4 3 7 1 3 7  . 6 8 5 3 3 7 7 5 6 8  
H 1.  0 . 3 8 4 1 3 2 6 0 1 2  -2 .4217577752 . 6 8 5 3 3 4 9 6 8 2  
H 1 .  0 . 7 8 5 3 9 4 5 8 7 5  -1 . 3 6 0 3 5 1 0 4 9 4  2 . 0 3 7 3 1 1 2 2 5 1  
H 1 .  0 . 3 8 4 1 3 1 9 6 4 9  2 . 4 2 1 7 6 1 6 7 5 1  . 6 8 5 3 3 7 2 6 9 8  
H 1 .  0 1 . 9 0 5 2 3 9 2 7 2 0  1  . 5 4 3 5 4 3 6 9 8 2  . 6 8 5 3 3 9 3 9 5 6  
H 1 .  0 . 7 8 5 3 9 4 3 8 1 0  1 . 3 6 0 3 4 8 7 1 8 3  2 . 0 3 7 3 1 2 4 0 0 8  
H 1 .  0  -2 . 2 8 9 3 7 0 8 8 5 3  . 8 7 8 2 1 1 5 7 5 6  . 6 8 5 3 3 5 6 4 2 2  
H 1 .  0 -1 . 5 7 0 7 9 4 6 5 9 5  . 0 0 0 0 0 5 0 5 8 5  2 . 0 3 7 3 1 7 7 9 7 2  
H 1 .  0 -2 . 2 8 9 3 6 9 0 0 4 2  - . 8 7 8 2 1 8 1 1 8 2  . 6 8 5 3 4 3 1 3 9 8  
ZPE .118 938 HARTREE/MOLECULE 
MP2/6-31(d) for As and 6-31 for C,H 
A S  33. 0  - 0 .  0 0 0 0 0 4 7 8 1 4  0 .  0000011164 - 0 .  0 3 4 4 5 6 6 0 2 6  
C 6. 0 0 .  8604464340 1 .  4 9 0 3 0 5 4 8 3 0  0 .  9 6 1 5 9 9 9 9 6 5  
C 6. 0 0 .  8 6 0 4 5 0 1 4 7 2  - 1 .  4 9 0 2 9 9 8 8 9 8  0 .  9 6 1 6 0 4 3 8 5 7  
C 6. 0 - 1 .  7 2 0 9 0 2 6 1 7 9  - 0 .  0 0 0 0 1 3 5 9 5 3  0 .  9 6 1 5 2 7 5 0 2 7  
H 1.  0 1 .  9 2 2 7 8 1 6 8 2 8  - 1 .  5 4 4 1 8 6 2 7 6 9  0 .  6 8 7 4 0 0 4 6 9 1  
H 1 .  0 0 .  3 7 5 9 0 3 9 3 9 6  —2 . 4 3 7 2 9 1 0 7 5 9  0 .  6 8 7 3 9 0 3 8 8 1  
H 1 .  0 0 .  7 7 1 8 0 8 4 6 8 8  - 1 .  3 3 6 8 2 1 6 8 1 1  2 . 0 4 6 6 9 7 8 9 3 0  
H 1 .  0 0 .  3 7 5 9 0 6 8 8 8 9  2 . 4 3 7 2 8 5 6 2 2 8  0 .  6 8 7 3 9 4 4 3 1 0  
H 1 .  0 1 .  9 2 2 7 8 4 4 6 1 7  1 .  5 4 4 1 8 6 6 4 0 8  0 .  6 8 7 4 0 2 1 0 5 0  
H 1 .  0 0 .  7 7 1 8 0 8 9 4 1 0  1 .  3 3 6 8 1 9 0 0 2 2  2 . 0 4 6 7 0 2 7 7 2 9  
H 1 .  0 — 2 . 2 9 8 6 9 1 5 3 8 3  0 .  8 9 3 0 7 8 6 6 3 9  0 .  6 8 7 4 0 3 7 1 3 9  
H 1 .  0  - 1 .  5 4 3 6 1 2 4 2 4 1  0 .  0 0 0 0 0 5 9 9 5 7  2 . 0 4 6 7 5 5 4 4 9 2  
H 1 .  0  -2. 2 9 8 6 7 9 6 0 2 8  - 0 .  8 9 3 0 7 0 0 0 4 1  0 .  6 8 7 4 1 4 1 9 5 4  
Energy-
Basis sets : 
MP2(full) 
MP2 
B3LYP 
- 2 3 5 3  
6-31(d) for C,H G3L for As,S 
- 2 3 5 4  
- 2 3 5 3  
- 2 3 5 5  
0824076 Hartree 
6 1 5 5 1 2 9  
5 6 5 7 8 2 5  
4 3 3 1 9 8 3  
Hartree 
Hartree 
Hartree 
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Trimethylarsinesulfide (Me3As=S) 
HE/6-- 3 1 ( d )  :  for As, 6-31+(d) for s, and 6-31 for C, H 
S 16 .  0 0 0 0 0 0 5 1 0 4 2  0 0 0 0 0 0 5 9 0 7  -1 . 8 9 7 9 1 0 8 8 1 4  
AS 33 .0 0 0 0 0 0 8 7 2 1 8  0 0 0 0 0 2 5 4 7 4  . 1 8 8 7 2 1 2 7 4 2  
C 6 .0 8 8 5 5 8 7 5 9 0 4  1 .  5 3 3 7 8 1 0 3 3 8  . 9 7 2 9 8 3 2 2 2 2  
C 6 .  0 8 8 5 5 7 4 5 9 8 6  - 1 .  5 3 3 7 9 3 6 7 5 9  . 9 7 2 9 6 9 7 5 3 0  
c 6 .0 -1.  7 7 1 0 8 2 5 2 8 6  0 0 0 0 3 7 6 8 1 2  . 9 7 2 9 8 3 1 8 0 1  
H 1 .0 1.  9 1 2 9 1 0 2 9 2 9  - 1 .  5 5 5 8 2 8 8 3 0 0  . 6 3 5 8 0 4 7 6 1 0  
H 1  .  0 3 9 0 9 4 0 5 4 0 9  —2 . 4 3 4 5 7 1 9 9 7 2  . 6 3 5 7 5 9 4 3 2 7  
H 1 .0 .  8 5 7 2 8 8 8 5 3 0  -i. 4 8 4 9 1 7 1 8 6 3  2 . 0 5 4 5 6 9 7 6 7 6  
H 1  .0 .  3 9 0 9 3 3 6 1 2 0  2 . 4 3 4 5 8 4 7 9 5 8  . 6 3 5 7 5 3 5 1 3 4  
H 1  .  0 1 .  9 1 2 9 0 3 2 7 9 0  1 .  5 5 5 8 2 8 9 0 0 4  . 6 3 5 8 0 4 2 2 1 1  
H 1  .0 8 5 7 2 8 8 5 6 0 3  1 .  4 8 4 9 1 9 1 1 7 9  2 . 0 5 4 5 5 9 8 5 8 8  
H 1  .  0 -2 . 3 0 3 8 4 8 9 3 9 3  8 7 8 7 0 5 5 8 7 0  . 6 3 5 8 0 0 6 8 8 1  
H 1  .0 -1. 7 1 4 6 1 2 4 2 2 3  0 0 0 0 0 5 8 3 8 8  2 . 0 5 4 5 7 3 5 8 7 7  
H 1 .0 -2. 3 0 3 8 6 9 6 1 1 9  - . 8 7 8 7 3 6 4 5 1 1  . 6 3 5 7 8 4 1 2 1 6  
ZPE 1218 0 6 HARTREE/MOLECULE 
M P 2 / 6 - 3 1 ( d )  for As , 6 - 3 1 + ( d )  :  for S , and 6-31 for C, H 
S 16. 0 -0. 0000057411 -0. 0 0 0 0 0 0 5 4 8 0  - 1 .  9 1 6 9 3 4 7 8 5 6  
AS 33. 0 -0. 0 0 0 0 0 1 2 7 8 2  -0. 0 0 0 0 0 0 1 1 7 9  0. 1 6 1 2 2 5 9 7 4 3  
C 6. 0 0. 8 8 9 2 1 3 3 4 0 3  1 .  5 4 0 1 6 7 3 4 4 3  0. 9 7 4 3 9 5 7 6 1 3  
C 6. 0 0. 8 8 9 2 2 1 7 7 7 4  - 1 .  5 4 0 1 6 2 2 6 5 0  0 .  9 7 4 3 9 6 3 5 1 3  
c 6. 0 -1.  7 7 8 4 3 2 1 8 0 5  -0. 0 0 0 0 0 5 2 4 7 7  0. 9 7 4 3 9 8 8 2 2 3  
H 1 .  0 1.  9 3 2 2 5 2 6 9 1 7  - 1 .  5 5 7 4 8 6 1 5 3 8  0. 6 3 4 9 5 9 2 3 0 6  
H 1 .  0 0. 3 8 2 7 1 6 1 7 6 4  —2 . 4 5 2 1 3 1 6 6 3 9  0. 6 3 4 9 2 3 6 5 9 7  
H 1 .  0 0. 8 4 8 9 9 8 9 8 3 4  -i. 4 7 0 5 5 2 3 1 2 0  2 . 0 7 0 3 3 1 8 6 7 6  
H 1 .  0 0. 3 8 2 7 1 8 5 0 9 5  2 . 4 5 2 1 2 7 2 3 0 3  0. 6 3 4 9 2 3 8 6 9 6  
H 1 .  0 1 .  9 3 2 2 5 7 7 7 1 3  1 .  5 5 7 4 8 6 3 7 1 0  0. 6 3 4 9 5 6 7 5 8 7  
H 1 .  0 0. 8 4 8 9 9 9 5 8 5 8  1 .  4 7 0 5 5 2 9 4 6 4  2 . 0 7 0 3 3 0 9 8 8 8  
H 1 .  0 —2 . 3 1 4 9 5 6 1 4 4 5  0. 8 9 4 6 3 2 7 0 8 9  0. 6 3 4 9 5 4 2 8 1 4  
H 1 .  0 -1.  6 9 8 0 2 8 0 3 6 8  -0. 0 0 0 0 0 3 0 6 9 3  2. 0 7 0 3 4 3 2 8 7 4  
H 1 .  0 — 2 . 3 1 4 9 5 5 4 5 5 3  -0. 8 9 4 6 2 5 2 2 3 2  0. 6 3 4 9 5 0 4 3 2 7  
Energy -2750.7343778 HARTREE 
Basis sets: 6-31(d) 
MP2 
MP2(full) 
B3LYP 
for C,H G3L for As,S 
-2751.3127701 HARTREE 
-2752.6779277 HARTREE 
-2753.6107614 HARTREE 
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Triphenylarsine (Ph3As) 
HF/6-31(d) for As and 6-31 for C,H 
A S  CO
 
CO
 
0  0 .  0 0 0 0 1 4 6 6 4 4  - 0 .  0 0 0 0 2 2 8 3 1 0  - 1 .  3 7 8 9 5 5 2 9 5 5  
C  6 .  0  - 1 .  6 0 7 7 0 7 8 3 2 3  - 0 .  6 9 4 2 3 8 4 6 3 1  - 0 .  4 9 4 5 6 2 5 4 6 7  
C  6 .  0  1 .  4 0 5 0 5 8 3 9 8 3  - 1 .  0 4 5 1 6 3 1 2 4 5  - 0  .  4 9 4 5 9 1 8 9 4 1  
C  6 .  0  0  .  2 0 2 6 1 1 4 6 1 8  1 .  7 3 9 4 7 8 3 9 4 8  - 0  .  4 9 4 5 5 8 1 9 0 6  
C  6 .  0  —  3 .  9 3 7 7 2 5 2 7 6 6  - 1 .  7 8 2 9 1 4 7 8 0 2  0  .  6 0 6 3 1 1 6 4 9 8  
c  6 .  0  3 .  5 1 2 9 4 4 4 9 0 5  - 2  .  5 1 8 7 2 3 1 7 7 2  0  .  6 0 6 3 0 3 5 7 5 1  
c  6 .  0  0 .  4 2 4 8 0 4 0 3 7 5  4  .  3 0 1 6 2 5 0 6 1 4  0 .  6 0 6 3 0 0 0 7 4 7  
c  6 .  0  - 2  .  2 7 1 5 3 1 8 2 3 7  - 1 .  7 4 8 8 4 1 7 6 3 2  - 1 .  1 2 5 2 0 6 6 6 2 9  
c  6 .  0  2  .  6 5 0 2 7 9 5 8 8 3  - 1 .  0 9 2 7 9 5 0 0 6 4  - 1 .  1 2 5 1 8 7 4 9 4 4  
c  6 .  0  - 0 .  3 7 8 7 6 5 3 7 3 4  2 .  8 4 1 6 0 2 3 7 2 2  - 1 .  1 2 5 2 3 5 2 4 6 6  
c 6 .  0  - 2  .  1 3 7 7 9 5 7 7 8 0  - 0 .  1 8 6 2 6 7 3 2 5 7  0 .  6 9 1 7 0 5 2 8 3 7  
c 6 .  0  1 .  2 3 0 2 5 6 0 4 5 4  - 1 .  7 5 8 2 5 3 1 8 1 4  0 .  6 9 1 6 8 0 9 5 9 6  
c 6 .  0  0  .  9 0 7 5 7 7 5 7 7 2  1 .  9 4 4 5 3 0 2 9 9 8  0  .  6 9 1 7 2 9 4 6 2 8  
c 6 .  0  -  3 .  2 9 4 2 4 8 6 7 1 6  - 0 .  7 2 8 1 8 4 5 3 2 5  1 .  2 3 7 4 6 1 3 0 1 5  
c 6 .  0  2 .  2 7 7 7 8 9 5 0 4 7  - 2  .  4 8 8 7 9 6 2 0 2 4  1 .  2 3 7 4 1 8 9 9 1 9  
c 6 .  0  1 .  0 1 6 4 7 1 3 1 9 0  3 .  2 1 6 9 4 2 2 9 9 8  1 .  2 3 7 4 4 2 6 9 2 8  
c 6 .  0  - 3 .  4 2 4 0 6 8 3 5 7 3  - 2  .  2 9 3 1 7 5 0 8 6 3  - 0 .  5 7 7 4 8 1 7 0 2 2  
c 6 .  0  3 .  6 9 7 9 9 6 4 4 8 7  - i .  8 1 8 7 8 8 7 7 5 8  - 0 .  5 7 7 4 4 2 1 7 0 2  
c  6 .  0  - 0 .  2 7 3 8 9 8 3 7 4 5  4  .  1 1 1 9 1 2 5 0 0 8  - 0 .  5 7 7 4 9 4 7 9 7 5  
H 1 .  0  - 1 .  8 9 1 8 0 4 2 7 9 9  - 2  .  1 4 3 0 2 6 9 4 8 6  —  2  .  0 4 9 2 0 9 2 1 4 4  
H 1 .  0  2 .  8 0 1 8 1 9 5 4 1 5  - 0 .  5 6 6 8 1 9 3 8 7 5  ~ 2  .  0 4 9 2 5 1 1 8 3 4  
H 1 .  0  - 0  .  9 0 9 9 8 0 2 2 1 0  2  .  7 0 9 8 6 9 4 9 4 6  — 2  .  0 4 9 2 1 2 4 7 4 5  
H 1 .  0  - 1 .  6 5 7 0 8 3 4 7 5 6  0 .  6 3 2 7 4 7 6 0 8 6  1 .  1 8 8 2 8 0 4 6 9 5  
H 1 .  0  0 .  2 8 0 5 3 5 5 1 6 9  - 1 .  7 5 1 4 4 0 0 3 5 4  1 .  1 8 8 2 9 5 6 5 4 0  
H 1 .  0  1 .  3 7 6 4 8 4 2 1 8 6  1 .  1 1 8 7 0 5 6 0 5 2  1 .  1 8 8 2 9 1 6 7 8 2  
H 1 .  0  -  3  .  6 8 9 9 9 1 3 6 1 4  - 0  .  3 2 6 1 2 2 0 9 3 8  2 .  1 5 0 6 3 9 1 3 7 5  
H 1 .  0  2  .  1 2 7 4 2 7 9 0 3 3  —  3 .  0 3 2 5 7 2 8 8 5 0  2 .  1 5 0 6 6 0 0 8 3 0  
H 1 .  0  1 .  5 6 2 5 3 6 4 2 3 4  3 .  3 5 8 6 8 5 3 1 6 5  2  .  1 5 0 6 6 9 3 0 4 1  
H 1 .  0  - 3 .  9 2 0 1 9 6 6 4 5 7  - 3 .  1 0 4 4 4 7 4 1 2 7  - 1 .  0 7 4 9 7 0 4 8 7 0  
H 1 .  0  4  .  6 4 8 6 3 4 8 4 5 1  - 1 .  8 4 2 7 7 1 6 0 9 4  - 1 .  0 7 4 9 9 3 5 4 7 5  
H 1 .  0  - 0 .  7 2 8 4 0 6 4 1 2 2  4  .  9 4 7 2 2 0 4 2 3 8  - 1 .  0 7 4 9 9 3 9 1 0 8  
H 1 .  0  - 4  .  8 3 2 1 0 7 2 6 5 6  — 2  .  1 9 8 9 9 3 5 4 5 8  1 .  0 2 9 1 2 8 6 4 9 6  
H 1 .  0  4  .  3 2 0 4 0 2 2 5 8 3  - 3 .  0 8 5 2 0 6 3 7 2 1  1 .  0 2 9 0 9 4 5 0 5 2  
H 1 .  0  0 .  5 1 1 6 6 6 1 6 0 1  5 .  2 8 4 2 4 3 4 9 2 2  1 .  0 2 9 1 3 2 4 8 9 6  
ZPE 0.2 954 97 HARTREE/MOLECULE 
138 
MP2/6-31(d) for As and 6-31 for C,H 
A S  3 3 .  0 -0. 0 0 0 0 0 1 7 6 0 5  0. 0 0 0 0 0 8 2 8 7 7  -1. 5 0 3 3 1 0 7 8 3 0  
C 6. 0 -1. 5 9 2 7 4 9 0 6 3 8  -0. 6 8 9 0 0 1 2 3 7 4  -0. 5 6 3 7 1 9 6 0 4 8  
C 6. 0 1. 3 9 3 0 8 3 7 3 8 1  -1. 0 3 4 8 5 0 2 9 3 3  -0. 5 6 3 7 2 5 4 9 5 5  
c 6. 0 0 . 1 9 9 6 6 8 6 3 7 6  1. 7 2 3 8 4 5 9 0 4 2  -0. 5 6 3 7 1 1 9 1 4 2  
c 6. 0 — 3 . 9 0 7 0 7 1 6 1 6 6  -1. 7 9 2 2 9 3 3 5 5 9  0. 6 6 3 8 0 1 0 1 7 6  
c 6. 0 3 .  5 0 5 6 9 0 3 3 3 7  -2 . 4 8 7 4 7 3 0 0 7 4  0. 6 6 3 8 0 5 4 0 4 6  
c 6. 0 0. 4 0 1 3 3 0 5 7 6 1  4 . 2 7 9 7 6 8 9 0 2 6  0 . 6 6 3 7 6 2 3 9 7 8  
c 6. 0 -2 . 2 9 5 4 5 6 0 6 8 2  -1. 7 6 1 3 7 7 9 9 5 9  -1. 1 7 7 4 2 8 6 6 5 2  
c 6. 0 2 . 6 7 3 1 3 9 8 7 3 6  -1. 1 0 7 2 2 3 1 8 3 2  -1. 1 7 7 4 4 9 8 3 4 3  
c 6. 0 -0. 3 7 7 6 4 4 6 5 5 7  2 . 8 6 8 6 3 4 0 0 2 4  — 1 . 1 7 7 4 3 6 4 9 4 5  
c 6. 0 -2. 0 7 1 4 5 7 9 6 3 8  -0. 1 6 7 4 8 9 0 9 6 7  0. 6 676254 916 
c 6. 0 1. 1 8 0 7 9 3 6 1 2 4  -1. 7 1 0 2 0 1 0 0 1 0  0. 6 6 7 6 1 9 9 8 4 7  
c 6. 0 0. 8 9 0 6 8 6 3 7 7 6  1. 8 7 7 6 7 6 9 3 7 6  0. 6 6 7 6 4 8 8 7 8 1  
c 6. 0 - 3 .  2 2 2 5 9 4 0 0 5 7  -0. 7 1 7 9 6 0 9 4 1 0  1. 2 7 5 1 0 8 2 4 7 8  
c 6. 0 2 . 2 3 3 0 6 9 5 1 9 9  -2 . 4 3 1 9 0 1 9 3 3 3  1. 2 7 5 0 9 0 0 4 6 3  
c 6. 0 0. 9 8 9 5 1 2 1 0 4 8  3 .  1 4 9 8 0 1 5 2 9 7  1. 2 7 5 0 8 7 7 2 4 8  
c 6. 0 — 3 . 4 4 0 5 0 8 1 8 3 8  —2 . 3 1 4 3 9 6 9 6 7 7  -0 . 5635117171 
c 6. 0 3. 7 2 4 5 6 0 2 1 1 3  -i. 8 2 2 3 6 7 2 7 3 8  -0. 5 6 3 5 3 6 0 2 3 4  
c 6. 0 -0. 2 8 4 0 5 4 2 5 7 5  4. 1 3 6 8 0 1 0 7 1 3  -0. 5 6 3 5 2 0 1 5 4 1  
H 1. 0 -1. 9 5 0 6 4 6 7 8 9 2  —2 . 1 6 0 2 1 2 9 9 7 0  -2. 1 3 4 5 8 6 1 8 8 3  
H 1. 0 2. 8 4 6 1 2 7 1 6 7 0  -0. 6 0 9 2 1 1 3 5 7 7  -2. 1345766006 
H 1. 0 -0. 8 9 5 4 6 6 9 3 7 5  2. 7 6 9 4 1 7 3 0 2 3  —2 . 1 3 4 6 1 7 3 0 7 2  
H 1. 0 -1. 5 5 4 9 6 4 3 8 2 9  0. 6 6 6 7 7 2 1 0 6 3  1. 1 4 4 5 9 6 0 8 4 3  
H 1. 0 0. 2 0 0 0 4 4 5 1 6 5  -1. 6800064960 1. 1 4 4 6 0 0 8 8 9 2  
H 1. 0 1. 3 5 4 8 7 3 5 0 5 8  1. 0 1 3 2 6 4 2 5 0 4  1. 1 4 4 6 0 4 4 8 9 0  
H 1. 0 — 3. 5 8 4 1 4 4 8 4 5 8  -0. 3 0 8 4 7 0 8 4 3 2  2. 2 2 0 3 2 3 9 1 1 9  
H 1. 0 2 . 0 5 9 2 2 0 1 7 4 8  —2 . 9 4 9 7 2 3 5 6 7 1  2 . 2 2 0 3 0 4 0 3 1 8  
H 1. 0 1. 5 2 4 9 1 2 1 7 6 2  3. 2 5 8 1 9 3 9 1 8 5  2 . 2 2 0 3 4 8 7 2 0 2  
H 1. 0 -3. 9 7 0 2 1 5 6 6 4 8  — 3 . 1 3 8 8 5 5 1 1 2 1  -1. 0 4 4 1 0 6 4 1 6 6  
H 1. 0 4. 7 0 3 4 4 8 8 6 6 6  -1. 8 6 8 9 0 0 6 6 8 8  -1. 0 4 4 1 3 0 7 9 4 3  
H 1. 0 -0. 7 3 3 1 8 3 0 8 6 5  5. 0 0 7 7 2 6 8 8 9 1  -1. 0 4 4 1 2 5 7 5 5 9  
H 1. 0 -4 . 7 9 6 1 4 5 2 2 9 9  -2 . 2 1 3 7 1 1 2 2 1 4  1. 1 3 5 4 5 3 8 7 0 0  
H 1. 0 4 . 3 1 5 2 1 9 9 6 2 5  -3. 0 4 6 7 3 4 9 2 4 2  1. 1 3 5 4 5 1 4 0 1 8  
H 1. 0 0. 4 8 0 9 2 2 4 1 1 6  5. 2 6 0 4 5 0 7 0 1 8  1. 1 3 5 4 6 0 3 0 1 9  
Energy - 2 9 2 5 . 6 9 6 9 4 6 8  H A R T R E E  
Basis sets : 6-31(d) for C,H G3L for As 
M P 2  - 2  9 2  6 ,  
M P 2 ( f u l l )  - 2 9 2 8 ,  
B 3 L Y P  - 3 3 2 8 ,  
97 42813 HARTREE 
10024 4 9 HARTREE 
4485293 HARTREE 
139 
Triphenylarsinesulfide (Ph3As=S) 
HF/6-31(d) for As, 6-31+(d) for S, and 6-31 for C,H 
S 1 6 .  0  0 .  0000290475 0 .  0001285805 - 3  .3122701339 
AS 33 .  0  - 0 .  0000050434 0 .  0000466174 - 1  .2229893524 
C 6  .  0  - 1 .  6325414031 - 0 .  7 1 5 5 5 7 1 7 8 4  - 0  . 4 6 4 9 0 5 3 6 0 4  
C 6 .  0  1 .  4359924338 - 1 .  0559724669 - 0  .4648543842 
c  6 .  0  0 .  1965846368 1 .  7716590203 - 0  .4650633687 
c  6 .  0  - 3 .  9696535841 - 1 .  8079709295 0  .5777261994 
c  6 .  0  3 .  5505558017 - 2  .  5339020916 0  .5776286808 
c  6 .  0  0 .  4 1 9 1 9 5 4 5 2 1  4  .  3418804263 0  .5776467488 
c  6 .  0  —  2  .  2942897829 - 1 .  7362944251 - 1  .1462336238 
c  6 .  0  2 .  6508456916 - 1 .  1188079339 - 1  .1462368453 
c  6 .  0  - 0 .  3564412668 2 .  8552033827 - 1  .1463206030 
c  6 .  0  - 2  .  1558059072 - 0 .  2377225016 0  .7357822987 
c  6 .  0  1 .  2837703123 - 1 .  7480484776 0  .7357938696 
c  6 .  0  0 .  8719671242 1 .  9857966887 0  .7356270645 
c  6 .  0  - 3 .  3208896639 - 0 .  7854702945 1  .2545746297 
c  6 .  0  2  .  3406502322 - 2  .  4832396336 1  .2545458826 
c  6 .  0  0 .  9801437317 3 .  2686431663 1  .2544816136 
c  6 .  0  —  3.  4573214938 - 2  .  2810260773 - 0  .6225164113 
c  6 .  0  3 .  7040831230 - i .  8536987064 - 0  .6225814341 
c  6 .  0  - 0 .  2466522890 4 .  1346949853 - 0  .6225515400 
H 1 .  0  - 1 .  9140313683 - 2  .  0869952852 - 2  .0853129815 
H 1 .  0  2  .  7644086098 - 0 .  6141587823 - 2  .0853834627 
H 1 .  0  - 0 .  8503330684 2 .  7011270896 -2  .0853816398 
H 1 .  0  - 1 .  6723281415 0 .  5627067062 1  .2604036349 
H 1 .  0  0  .  3489312149 - 1 .  7295711530 1  .2604386987 
H 1 .  0  1 .  3233043448 1 .  1667778645 1  .2600556214 
H 1 .  0  —  3 .  7207266969 - 0 .  4104925178 2  .1767886508 
H 1.  0  2  .  2159099300 —  3 .  0169257974 2  .1768767723 
H 1.  0  1.  5 0 4 5 7 5 1 5 7 1  3 .  4271903322 2  .1769076784 
H 1.  0  - 3 .  9629249501 —  3 .  0643209758 - 1  .1530335961 
H 1.  0  4 .  6352130778 - i .  8998489938 - 1  .1529865729 
H 1.  0  - 0 .  6724442286 4  .  9640895239 - 1  .1528768760 
H 1.  0  - 4  .  8719457911 — 2  .  2278543772 0  .9787218787 
H 1.  0  4  .  3653744795 —  3  .  1052864319 0  .9787625118 
H 1.  0  0.  5068002783 5 .  3332206469 0  .9787354332 
ZPE 0.2 982 4 3 HARTREE/MOLECULE 
140 
M P 2 / 6 - 3 1 ( d )  f o  
S 1 6 . 0  
AS 3 3 . 0  
c 6 . 0 
c 6 . 0  
c 6.0 
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6. 0 
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
Energy 
' As, 6-31+(d) 
- 0 . 0 0 0 0 7 9 7 6 0 8  
- 0 . 0 0 0 0 1 7 7 0 1 8  
- 1 . 6 3 1 6 5 3 3 0 0 0  
1 . 4 3 2 3 9 8 1 0 1 0  
0 . 1 9 9 2 9 5 6 8 0 2  
- 3 . 9 7 0 0 5 6 7 8 3 2  
3 . 5 8 0 9 3 3 1 2 8 9  
0 . 3 8 9 1 6 3 0 6 7 6  
- 2 . 3 4 5 8 6 2 7 0 5 5  
2 . 6 4 8 9 0 3 2 9 1 1  
- 0 . 3 0 3 0 3 6 3 3 4 4  
- 2 . 0 9 0 8 3 8 1 5 0 0  
1 . 2 8 7 0 2 0 8 6 8 5  
0 . 8 0 3 8 1 8 7 6 7 8  
- 3 . 2 6 2 1 4 5 5 3 4 0  
2 . 3 6 4 4 8 7 4 2 4 0  
0 . 8 9 7 6 2 0 1 1 2 5  
- 3 . 5 1 5 3 1 2 7 6 8 3  
3 . 7 1 8 6 2 2 2 1 7 7  
- 0 . 2 0 3 3 0 3 9 1 4 8  
- 2 . 0 0 4 6 2 4 5 2 1 1  
2 . 7 3 7 5 2 8 9 2 3 6  
- 0 . 7 3 2 8 6 2 7 6 2 7  
- 1 . 5 6 3 3 0 1 5 9 2 8  
0 . 3 4 0 6 9 9 3 7 2 5  
1 . 2 2 2 6 3 6 3 8 1 6  
- 3 . 6 2 1 0 5 5 5 4 4 5  
2 . 2 5 3 4 0 7 9 5 2 0  
1.3676447666 
- 4 . 0 6 8 1 7 9 3 3 8 6  
4 . 6 5 3 1 7 4 3 8 3 0  
- 0 . 5 8 5 0 4 9 5 3 6 8  
- 4 . 8 7 6 1 2 3 8 6 9 7  
4 . 4 0 8 6 6 5 8 0 5 9  
0 . 4 6 7 4 8 3 8 7 4 2  
or S, and 6-31 
0 . 0 0 0 3 3 9 5 1 4 5  
0 . 0 0 0 0 0 9 5 0 9 4  
- 0 . 7 1 1 9 5 6 6 9 1 9  
- 1 . 0 5 7 1 1 7 4 7 0 7  
1 . 7 6 8 9 8 1 0 0 0 2  
- 1 . 8 4 2 7 0 6 7 8 5 2  
- 2 . 5 1 6 7 8 5 8 9 3 2  
4 . 3 5 9 4 8 6 3 4 4 0  
- 1 . 7 0 4 3 0 4 5 3 4 3  
-1.1794517103 
2 . 8 8 3 7 1 2 7 9 0 0  
- 0 . 2 7 8 9 4 0 1 0 8 5  
-1.6712542711 
1 . 9 5 0 1 3 3 8 5 6 1  
- 0 . 8 4 6 8 8 6 8 0 5 1  
- 2 . 4 0 1 5 8 6 6 2 5 1  
3 . 2 4 8 4 5 6 3 9 5 7  
- 2 . 2 6 4 2 8 0 3 8 2 0  
- 1 . 9 1 2 2 0 6 5 0 2 7  
4 . 1 7 6 4 4 0 8 4 9 2  
- 2 . 0 0 3 6 4 0 5 7 1 6  
- 0 . 7 3 4 2 7 0 1 9 0 4  
2 . 7 3 7 9 4 3 8 5 2 9  
0 . 5 0 9 1 9 8 6 5 1 5  
- 1 . 6 0 8 4 8 4 1 6 2 3  
1 . 0 9 9 2 7 4 7 8 1 7  
- 0 . 5 1 1 3 8 4 5 2 8 7  
- 2 . 8 8 0 2 4 9 4 2 2 6  
3 . 3 9 1 5 5 5 1 7 2 3  
- 3 . 0 2 4 2 8 5 8 0 9 4  
- 2 . 0 1 0 9 9 9 8 7 1 8  
5 . 0 3 5 2 9 4 2 6 9 9  
- 2 . 2 7 5 4 6 5 8 8 8 6  
- 3 . 0 8 5 1 5 3 4 0 7 3  
5 . 3 6 0 5 8 4 6 4 5 5  
- 3 3 2 3 .  
for C,H 
-3 . 3 6 7 5 5 9 6 2 7 0  
-1 . 2 9 0 7 7 7 6 6 6 8  
-0 . 4 9 8 9 9 3 9 8 4 1  
-0 . 4 9 8 9 6 8 5 3 3 2  
-0 . 4 9 9 0 0 0 2 1 4 8  
0 . 6 1 1 2 5 9 0 5 5 4  
0 . 6 1 1 2 5 2 0 8 0 0  
0 . 6 1 1 2 4 9 3 2 4 8  
-1 . 2 1 7 1 7 0 1 8 2 8  
-1 . 2 1 7 1 0 8 9 7 0 7  
-1 . 2 1 7 2 1 4 9 5 7 2  
0 . 7 7 2 3 0 6 1 2 8 5  
0 . 7 7 2 3 4 0 1 1 4 0  
0 . 7 7 2 2 3 4 4 0 2 4  
1 . 3 2 1 2 6 0 4 1 3 1  
1 . 3 2 1 2 5 5 0 7 8 1  
1 . 3 2 1 2 4 5 3 3 1 1  
-0 . 6 5 9 0 7 7 0 8 1 2  
-0 . 6 5 9 0 4 5 0 9 2 6  
-0 .6591460439 
-2 . 2 0 9 8 3 9 9 5 5 9  
-2 . 2 0 9 8 8 4 5 6 2 7  
-2 . 2 0 9 9 1 2 6 6 1 4  
1 . 3 1 2 9 4 3 7 0 8 3  
1 . 3 1 2 9 4 7 5 4 7 3  
1 . 3 1 2 8 9 1 9 4 1 4  
2 . 2 9 5 6 5 4 7 6 0 7  
2 . 2 9 5 6 9 8 2 3 7 8  
2 . 2 9 5 6 4 7 2 4 2 6  
-1 . 2 1 3 1 3 9 9 2 6 0  
-1 . 2 1 3 1 1 4 6 5 7 9  
-1 . 2 1 3 1 6 4 7 4 0 6  
1 . 0 3 7 6 5 4 6 2 7 1  
1 . 0 3 7 6 3 6 0 8 1 4  
1 . 0 3 7 6 4 2 4 6 6 6  
92 525 HARTREE 
Basis sets: 6-31(d) for C,H G3L for As, S 
MP2 -3324.7226998 HARTREE 
MP2(full) -3326.1644188 HARTREE 
141 
B3LYP - 3 3 2 8 . 4 4 8 5 2 9 3  H A R T R E E  
Trimethylphosphine (Me3P) 
HF/6-31(d) for P and 6-31 for C,H 
P 1 5 .  0  - 0  .  0 0 0 0 2 0 8 7 5 4  - 0 .  0 0 0 0 0 0 0 6 0 7  0 .  1 0 0 4 6 6 2 7 1 5  
c 6. 0  0 .  8 1 8 4 0 6 4 0 8 2  1 .  4 1 7 5 0 2 5 8 8 8  0 .  9 6 0 6 7 4 7 2 2 8  
c 6. 0  0 .  8 1 8 3 8 8 7 9 7 0  —  1  .  4 1 7 5 1 4 7 2 2 8  0 .  9 6 0 6 7 2 2 2 1 5  
c 6 .  0  - 1 .  6 3 6 7 1 9 8 9 2 5  0 .  0 0 0 0 1 8 8 9 2 8  0 .  9 6 0 7 0 7 3 0 4 8  
H 1 .  0  1 .  8 6 1 1 0 3 7 0 4 7  - 1 .  4 7 3 5 6 8 0 3 0 8  0 .  6 6 7 8 3 2 5 9 7 4  
H 1 .  0  0  .  3 4 5 6 0 3 1 7 5 4  -2 . 3 4 8 5 3 6 3 7 0 6  0 .  6 6 7 8 2 9 3 6 1 2  
H 1 .  0  0  .  7 6 9 0 0 9 5 1 9 6  -1.  3 3 1 9 7 1 2 1 8 8  2. 0 4 1 7 8 6 1 1 9 5  
H 1 .  0  0  .  3 4 5 5 9 7 7 4 5 0  2 . 3 4 8 5 4 7 0 3 6 1  0 .  6 6 7 8 2 8 6 8 9 1  
H 1 .  0  1 .  8 6 1 0 9 3 4 7 4 5  1 .  4 7 3 5 6 7 9 9 9 7  0 .  6 6 7 8 3 6 7 1 6 2  
H 1 .  0  0  .  7 6 9 0 0 8 7 0 5 8  1 .  3 3 1 9 7 0 1 8 7 6  2 . 0 4 1 7 8 6 6 9 2 9  
H 1 .  0  -2 . 2 0 6 7 1 8 6 2 5 2  0  .  8 7 4 9 9 4 1 1 9 3  0 .  6 6 7 8 2 1 6 5 8 9  
H 1 .  0  - 1 .  5 3 8 0 2 7 2 9 2 6  0 .  0 0 0 0 0 4 1 6 7 2  2 . 0 4 1 7 7 0 0 3 4 8  
H 1 .  0  — 2 . 2 0 6 7 2 4 8 4 5 0  - 0 .  8 7 5 0 1 4 5 8 8 4  0 .  6 6 7 8 2 4 3 0 9 2  
ZPE 0.121134 HARTREE/MOLECULE 
MP2/6-31(d) for P and 6-31 for C,H 
P 1 5 .  0  . 0 0 0 0 1 0 8 4 7 5  0 0 0 0 0 0 5 9 9 0  . 0 8 0 5 1 9 2 9 0 1  
C 6. 0  . 8 2 1 1 6 4 1 8 9 5  1 .  4 2 2 3 5 1 8 6 5 9  . 9 5 8 7 7 3 3 5 5 1  
C 6.  0  . 8 2 1 1 6 5 2 6 9 0  - 1 .  4 2 2 3 5 3 0 2 4 3  . 9 5 8 7 6 8 3 6 1 6  
C 6. 0  - 1  . 6 4 2 3 7 2 8 3 8 0  0 0 0 0 0 9 5 0 5 9  . 9 5 8 8 1 2 5 8 3 1  
H 1 .  0 1  . 8 7 9 2 4 9 5 2 0 3  - 1 .  4 7 7 1 6 5 4 4 3 2  . 6 6 5 9 5 3 4 6 0 6  
H 1 .  0 . 3 3 9 6 5 3 6 4 6 0  -2. 3 6 6 0 4 0 6 7 9 3  .6659544810 
H 1 .  0 . 7 6 3 2 4 6 6 9 5 4  - 1 .  3 2 1 9 8 7 8 2 7 6  2 . 0 5 4 0 8 8 1 3 7 5  
H 1 .  0 . 3 3 9 6 5 3 7 5 4 5  2 . 3 6 6 0 4 1 3 8 6 6  . 6 6 5 9 5 6 4 2 1 0  
H 1 .  0 1  . 8 7 9 2 5 1 1 5 3 6  1 .  4 7 7 1 6 5 6 5 1 2  . 6 6 5 9 5 4 3 9 4 0  
H 1 .  0 . 7 6 3 2 4 7 2 1 4 5  1 .  3 2 1 9 8 6 3 4 7 1  2 . 0 5 4 0 8 6 8 6 4 6  
H 1 .  0 -2 . 2 1 8 8 8 5 2 8 8 2  8 8 8 8 8 1 3 8 3 6  . 6 6 5 9 5 1 5 2 5 1  
H 1 .  0 -1 . 5 2 6 4 9 8 2 2 1 8  0 0 0 0 0 4 6 5 3 7  2 . 0 5 4 0 6 1 3 1 5 8  
H 1 .  0 -2 . 2 1 8 8 8 5 9 4 2 4  - . 8 8 8 8 9 3 2 2 1 1  . 6 6 5 9 5 6 5 1 0 8  
Energy 
Basis sets: 6-31(d) for C,H G3L for P 
MP2 
MP2(full) 
B3LYP 
-459.9041654 HARTREE 
-460.1512525 HARTREE 
-460.4774767 HARTREE 
-460.9827544 HARTREE 
142 
Trimethylphosphinesulfide (Me3P=S) 
I F / 6 -- 3 1 ( d )  for P, 6-31+(d) for s, and 6 - 3 1  :  for i C, H 
P 15 .0 - 0 .  0 0 0 0 2 0 8 7 5 4  - 0 .  0 0 0 0 0 0 0 6 0 7  0  . 1 0 0 4 6 6 2 7 1 5  
C 6 .0 0 .  8 1 8 4 0 6 4 0 8 2  1 .  4 1 7 5 0 2 5 8 8 8  0  . 9 6 0 6 7 4 7 2 2 8  
C 6 .0 0 .  8 1 8 3 8 8 7 9 7 0  - 1 .  4 1 7 5 1 4 7 2 2 8  0  . 9 6 0 6 7 2 2 2 1 5  
C 6 .  0  - 1 .  6 3 6 7 1 9 8 9 2 5  0 .  0 0 0 0 1 8 8 9 2 8  0  . 9 6 0 7 0 7 3 0 4 8  
H 1  .0 1 .  8 6 1 1 0 3 7 0 4 7  -1.  4 7 3 5 6 8 0 3 0 8  0  . 6 6 7 8 3 2 5 9 7 4  
H 1  .0 0 .  3 4 5 6 0 3 1 7 5 4  ~2 . 3 4 8 5 3 6 3 7 0 6  0  . 6 6 7 8 2 9 3 6 1 2  
H 1  .0 0 .  7 6 9 0 0 9 5 1 9 6  -i.  3 3 1 9 7 1 2 1 8 8  2 . 0 4 1 7 8 6 1 1 9 5  
H 1 .0 0 .  3 4 5 5 9 7 7 4 5 0  2 . 3 4 8 5 4 7 0 3 6 1  0 . 6 6 7 8 2 8 6 8 9 1  
H 1 .0 1 .  8 6 1 0 9 3 4 7 4 5  1 .  4 7 3 5 6 7 9 9 9 7  0 . 6 6 7 8 3 6 7 1 6 2  
H 1  .0 0 .  7 6 9 0 0 8 7 0 5 8  1 .  3 3 1 9 7 0 1 8 7 6  2 . 0 4 1 7 8 6 6 9 2 9  
H 1 .  0 — 2 . 2 0 6 7 1 8 6 2 5 2  0 .  8 7 4 9 9 4 1 1 9 3  0  . 6 6 7 8 2 1 6 5 8 9  
H 1 .0 -1. 5 3 8 0 2 7 2 9 2 6  0 .  0 0 0 0 0 4 1 6 7 2  2 . 0 4 1 7 7 0 0 3 4 8  
H 1 .0 — 2 . 2 0 6 7 2 4 8 4 5 0  -0. 8 7 5 0 1 4 5 8 8 4  0  . 6 6 7 8 2 4 3 0 9 2  
ZPE 0.121134 HARTREE/MOLECULE 
M P 2 / 6 - 3 1 ( d )  f o r  P ,  6 - 3 1 + ( d )  f o r  S ,  a n d  6 - 3 1  f o r  C , H  
S 16. 0  - . 0 0 0 0 0 2 5 6 8 7  - . 0 0 0 0 0 0 4 0 8 1  -1 . 7 6 1 1 5 0 1 3 8 7  
P 15. 0  - . 0 0 0 0 2 5 5 3 8 7  . 0 0 0 0 0 1 4 7 0 8  . 1 9 7 3 6 4 5 3 0 5  
C 6. 0  . 8 3 4 4 6 4 1 5 6 5  1 . 4 4 5 3 2 7 6 8 4 6  . 9 5 5 1 3 5 6 1 5 6  
C 6. 0  . 8 3 4 4 7 3 9 0 9 8  -1 . 4 4 5 3 2 6 2 0 1 9  . 9 5 5 1 3 8 9 3 3 0  
c 6. 0 -1 . 6 6 8 9 1 1 3 8 7 2  . 0 0 0 0 0 4 3 2 5 0  . 9 5 5 0 7 3 6 0 8 0  
H 1 .  0 1 . 8 7 9 8 2 6 7 2 9 5  -1 . 4 7 4 4 8 7 5 9 5 2  . 6 2 1 2 3 6 0 5 2 7  
H 1 .  0 . 3 3 7 0 4 9 0 3 7 5  - 2  . 3 6 5 2 3 2 1 5 5 7  . 6 2 1 1 9 8 7 6 3 4  
H 1 .  0 . 8 0 2 4 0 3 0 4 5 1  -1 . 3 8 9 8 4 5 0 4 1 6  2  . 0 5 3 0 6 8 3 2 2 5  
H 1 .  0 . 3 3 7 0 5 0 9 4 0 3  2  . 3 6 5 2 2 9 3 6 4 5  . 6 2 1 1 9 8 3 6 3 1  
H 1 .  0 1  . 8 7 9 8 3 2 3 4 0 0  1  . 4 7 4 4 8 7 9 3 0 6  . 6 2 1 2 3 3 6 7 7 2  
H 1 .  0 . 8 0 2 4 0 3 3 6 5 1  1 . 3 8 9 8 4 5 7 3 0 5  2 . 0 5 3 0 6 9 6 3 7 8  
H 1 .  0 -2 . 2 1 6 8 6 4 8 2 4 5  . 8 9 0 7 2 4 7 7 0 9  . 6 2 1 2 3 5 4 8 7 7  
H 1 .  0 -1 . 6 0 4 8 3 0 0 5 9 2  - . 0 0 0 0 0 3 9 3 7 7  2 . 0 5 3 1 2 5 2 5 3 1  
H 1 .  0 -2 . 2 1 6 8 6 9 1 4 6 6  - . 8 9 0 7 2 5 9 3 5 9  . 6 2 1 2 2 8 3 9 4 2  
Energy -857.5811943 HARTREE 
Basis sets: 6-31(d) 
MP2 
MP2(full) 
B3LYP 
for C,H G3L for P,S 
857.9262521 HARTREE 
858.5701116 HARTREE 
859.1902800 HARTREE 
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Triphenylphosphine (Ph3P) 
HF/6-31(d) for P, and 6-31 for C,H 
P 15 . 0 -0 . 0 0 1 6 9 9 8 9 8 0  0 .  0 0 1 4 7 1 6 2 9 6  - 1  . 2 3 8 8 2 2 7 1 7 0  
c 6 . 0 - 1  . 5 3 6 4 2 5 3 1 6 4  - 0 .  6 5 3 6 8 6 7 5 9 2  -0 .4564555846 
c 6. 0 1  . 3 3 2 4 4 3 2 5 2 2  - 1 .  0 0 2 1 5 5 8 5 7 1  -0 . 4 5 8 5 6 9 2 0 9 4  
c 6. 0 0 . 2 0 1 3 8 5 2 3 1 2  1.  6 5 7 8 2 8 6 9 6 4  -0 . 4 5 6 8 6 5 0 4 7 4  
c 6. 0 -3 . 8 9 5 6 0 3 6 8 2 5  - 1 .  7 638866461 0 . 5 6 5 8 1 7 2 3 1 9  
c 6. 0 3 .4713960506 -2 . 4 9 5 1 3 6 0 8 9 2  0 .5609442565 
c 6. 0 0 . 4 2 8 2 6 3 5 8 2 3  4 . 2 5 5 8 3 8 7 8 3 8  0 . 5 6 4 2 5 9 4 6 0 7  
c 6. 0 -2 . 1 7 6 0 7 8 0 9 3 4  - 1 .  7 0 9 9 7 5 4 0 7 1  -1 .1112711790 
c 6. 0 2 . 5 6 4 9 2 0 5 4 4 4  - 1 .  0 3 3 9 5 6 6 4 3 9  -1 . 1 1 7 0 5 9 8 1 8 3  
c 6. 0 -0 . 3 7 9 7 8 0 6 3 4 9  2 . 7 4 3 2 2 1 5 9 9 1  - 1  . 1 1 8 4 9 5 2 1 0 8  
c 6.  0 -2 .1104147121 - 0 .  1 5 6 1 5 1 1 6 5 3  0 . 7 1 4 0 0 5 0 0 6 3  
c 6. 0 1 . 1 8 9 6 5 2 6 8 2 4  — 1.  7 4 4 5 6 4 1 6 3 0  0 .7144154258 
c 6. 0 0 . 9 1 0 0 1 9 4 2 6 0  1 .  9 0 2 7 5 5 6 6 4 1  0 . 7 2 0 2 4 5 0 7 9 9  
c 6. 0 -3 . 2 8 0 3 3 5 1 4 6 8  - 0 .  7 0 6 9 7 6 6 7 3 6  1 . 2 2 0 0 7 0 4 0 5 0  
c 6. 0 2 . 2 5 0 5 6 9 6 5 0 7  -2 . 4 8 4 7 6 2 8 3 6 0  1 . 2 1 9 1 1 3 8 4 2 9  
c 6. 0 1  . 0 2 2 2 3 4 5 3 9 2  3. 1 9 1 0 4 8 2 5 2 9  1 . 2 2 5 7 0 5 6 9 9 9  
c 6. 0 -3 . 3 4 0 1 3 6 2 4 5 7  —2 . 2 6 5 5 3 6 5 3 0 9  -0 . 6 0 2 8 1 0 8 1 4 3  
c 6. 0  3 . 6 2 7 0 8 8 4 4 6 4  - 1 .  7 6 6 8 6 2 8 3 4 5  -0 . 6 1 0 0 2 4 0 3 2 2  
c 6. 0 -0 .2744077178 4 . 0 2 9 2 1 0 8 8 0 5  -0 . 6 1 0 6 7 1 5 9 3 3  
H 1 .  0 -1 . 7 6 4 2 8 4 2 9 8 3  -2 . 0 9 3 0 0 2 0 6 2 3  -2 . 0 2 6 0 8 2 7 5 6 6  
H 1 .  0 2 . 6 8 9 7 6 6 8 4 8 4  - 0 .  4 8 8 4 2 0 7 2 1 9  -2 . 0 3 3 5 2 0 9 7 1 3  
H 1 .  0 -0 . 9 0 9 9 8 1 2 3 6 1  2 . 5 8 0 6 2 7 4 7 7 8  —2 . 0 3 7 9 4 2 5 6 7 0  
H 1 .  0 - 1  . 6 5 2 1 6 7 8 3 9 3  0 .  6 6 4 3 3 3 1 1 3 4  1  . 2 2 9 0 3 4 2 7 4 6  
H 1 .  0 0 . 2 5 1 4 9 2 6 3 9 3  - 1 .  7 5 3 1 3 3 0 2 0 8  1 . 2 3 2 3 7 3 9 5 2 3  
H 1 .  0 1 . 3 8 0 8 0 1 8 3 0 2  1 .  0 9 2 8 8 8 6 1 5 3  1  . 2 4 0 6 7 4 8 3 2 6  
H 1 .  0 -3 . 7 0 8 3 2 9 4 2 5 7  - 0 .  3 0 9 8 5 1 5 9 8 3  2 . 1 2 0 7 8 6 7 6 5 0  
H 1 .  0 2 .1214444595 — 3 . 0 5 1 0 0 6 8 8 0 6  2 . 1 2 1 7 1 8 2 6 1 8  
H 1 .  0 1  . 5 7 2 6 4 6 5 6 0 8  3. 3 6 0 4 0 1 8 2 2 4  2 . 1 3 1 4 9 5 5 9 4 8  
H 1 .  0 -3 . 8 1 4 6 7 7 1 3 2 1  — 3 . 0 7 7 3 1 8 8 2 9 5  -1 . 1 2 0 1 1 9 3 8 7 0  
H 1 .  0 4 . 5 6 5 7 2 3 8 0 3 6  -1.  7 7 6 4 9 3 5 9 4 1  -1 . 1 3 0 1 8 0 2 6 1 7  
H 1 .  0 -0 . 7 2 9 5 0 3 1 9 3 3  4. 8 4 8 5 7 2 0 7 5 4  -1 . 1 3 3 3 0 3 0 7 1 2  
H 1 .  0  -4 . 8 0 0 6 3 9 6 0 5 2  -2 . 1 8 7 2 0 7 2 0 7 8  0 . 9 5 7 6 0 9 9 5 9 6  
H 1 .  0 4 . 2 8 9 7 4 0 9 4 5 6  — 3 . 0689654046 0 . 9 5 1 7 6 4 6 9 9 5  
H 1 .  0 0 . 5 1 7 3 2 4 5 6 4 6  5 . 2 5 1 0 7 9 1 3 5 1  0 . 9 5 5 7 9 5 3 3 1 9  
ZPE 0.297387 HARTREE/MOLECULE 
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MP2/6-31(d) for P, and 6-31 for C,H 
p 15. 0 -0 .  0 0 3 3 1 5 0 2 1 3  0. 0 0 2 7 5 8 3 1 5 8  -1. 3 5 2 2 2 8 7 7 4 5  
c 6 . 0 -1.  5 2 6 0 3 9 1 0 3 6  -0. 6 4 2 2 8 3 0 6 3 4  -0. 5 2 4 6 6 5 8 9 2 6  
c 6. 0 1.  3 1 4 9 3 1 4 4 2 8  -0. 9 9 7 7 1 8 9 4 6 1  -0. 5 2 7 4 3 9 8 5 9 2  
c 6. 0 0 .  2 0 5 9 4 0 1 6 1 0  1. 6 4 3 5 2 8 3 2 5 3  -0 .  5 2 5 0 3 7 9 6 6 5  
c 6. 0 -3. 8 7 0 9 8 9 9 1 2 8  -1. 7 8 0 1 5 0 3 2 9 8  0. 6 2 1 8 1 3 2 8 6 8  
c 6. 0 3. 4 6 8 5 2 8 2 6 2 0  -2 . 4 6 7 8 9 6 2 4 0 1  0 .  6 1 6 2 0 3 9 7 2 6  
c 6. 0 0 .  4 0 8 7 5 9 6 3 5 3  4 . 2 4 3 2 8 6 1 8 0 1  0 .  6 1 8 9 9 7 2 9 4 5  
c 6. 0 -2 . 1 9 6 8 7 0 3 7 1 3  -1.  7 2 3 4 5 4 7 9 3 7  -1. 1 6 0 8 1 0 0 8 1 0  
c 6. 0 2 . 5 8 4 3 1 4 9 4 9 8  -1. 0 4 6 0 8 8 0 8 9 1  -1. 1 6 7 2 0 0 3 1 9 2  
c 6. 0 -0 .  3 7 7 6 7 1 8 8 2 3  2 . 7 6 9 9 3 7 9 0 3 1  -1. 1 6 8 3 5 5 8 8 5 6  
c 6. 0  -2 . 0 5 4 5 7 6 5 0 2 8  - 0 .  1 3 6 5 8 8 7 8 2 2  0 .  6 9 3 4 4 3 6 4 6 5  
c 6. 0 1.  1 4 1 0 2 2 0 4 2 5  -1. 7 0 4 8 7 1 2 4 4 3  0 .  6 9 2 6 6 3 5 3 4 1  
c 6. 0  0 .  8 9 9 9 6 2 5 9 3 4  1. 8 4 3 7 2 9 4 0 3 7  0 .  6 9 8 8 0 2 5 8 9 5  
c 6. 0  — 3 . 2 2 1 7 4 3 4 9 8 2  -0. 6 9 8 3 4 7 3 4 7 7  1 .  2 5 7 1 5 8 3 6 7 1  
c 6. 0  2 . 2 0 9 0 9 2 1 4 6 2  -2. 4 3 8 5 9 0 9 5 8 0  1 .  2 5 5 2 1 1 7 2 9 3  
c 6. 0 1 .  0 0 4 3 4 1 2 4 7 3  3. 1 3 5 1 6 7 4 7 3 2  1 .  2 6 1 5 6 3 7 9 0 7  
c 6. 0 — 3 . 3 5 5 5 0 7 9 7 4 9  -2. 2 9 1 5 8 7 1 0 6 7  - 0 .  5 9 0 2 5 3 5 3 6 5  
c 6.  0 3. 6 5 3 7 0 9 9 1 6 7  -1. 7  6965054 64 - 0 .  5 9 8 1 4 4 0 1 7 7  
c 6. 0  -0. 2 8 2 6 7 3 2 4 3 8  4. 0 5 7 5 2 0 5 3 1 8  - 0 .  5 9 9 1 1 1 3 1 5 6  
H 1 .  0  - 1 .  8 1 6 2 8 5 5 4 9 9  —2 . 1 0 8 2 6 1 0 1 7 1  — 2 . 1 0 9 9 4 4 3 2 3 4  
H 1 .  0  2. 7 2 7 0 6 7 7 6 0 5  -0. 5 2 6 2 1 4 6 6 3 8  — 2 . 1 1 7 6 1 9 8 6 5 2  
H 1 .  0 - 0 .  8 9 4 3 0 1 6 0 0 2  2. 6 3 6 0 4 7 0 9 1 6  — 2 . 1 2 1 6 4 3 5 1 3 3  
H 1 .  0 -1. 5 6 6 4 3 1 2 5 2 2  0 .  7 0 3 4 5 1 1 9 3 4  1 .  1 8 9 3 6 4 9 7 0 3  
H 1 .  0  0 .  1 7 0 9 8 4 4 1 8 0  - 1 .  6 9 5 7 9 4 1 4 0 1  1 .  1 9 1 6 9 1 1 6 0 8  
H 1 .  0  1 .  3 7 0 3 9 5 8 7 7 8  0 .  9 9 7 1 2 4 9 3 9 4  1 .  2 0 0 7 7 4 1 3 7 4  
H 1 .  0  - 3.  6 2 0 1 0 4 9 6 5 9  -0. 2 9 4 6 7 0 3 7 4 3  2 . 1 8 9 8 3 4 6 4 6 1  
H 1 .  0 2. 0 5 8 8 0 8 6 8 9 4  —2 . 9 8 1 5 3 4 0 8 2 1  2 . 1 9 0 3 9 0 1 7 7 3  
H 1 .  0 1 .  5 4 4 8 4 8 5 3 7 9  3. 2 7 4 3 5 8 3 6 4 7  2. 1 9 9 7 2 3 8 5 3 6  
H 1 .  0 — 3. 8 5 7 5 2 7 1 1 7 1  — 3.  1 2 0 9 7 4 3 8 1 8  -1. 0 9 1 4 2 5 8 9 8 4  
H 1 .  0 4 . 6 2 1 4  6 9 5 9 6 8  - 1 .  7 9 5 4 4 4 1 7 0 9  -1. 1 0 2 0 1 6 6 6 5 6  
H 1 .  0 - 0 .  7 3 7 0 1 7 5 8 8 7  4 . 9 1 0 6 2 1 0 9 8 6  - 1 .  1 0 5 7 7 5 8 6 3 7  
H 1 .  0  -4. 7 7 3 2 0 0 2 0 5 4  -2 . 2 1 0 9 5 1 0 7 7 6  1 .  0 5 8 8 9 9 8 6 8 5  
H 1 .  0  4. 2 9 1 3 2 9 4 3 0 0  — 3.  0 3 5 9 3 3 7 8 8 6  1 .  0 5 2 7 2 8 6 8 7 5  
H 1 .  0  0 .  4 9 1 1 9 9 9 6 3 1  5. 2 3 9 7 0 1 1 4 3 3  1 .  0 5 6 0 4 3 9 2 5 3  
Energy -1032.5217567 HARTREE 
Basis sets: 6-31(d) for C,H G3L for P 
MP2 -1033.5592253 HARTREE 
MP2(full) -1033.9612088 HARTREE 
B 3 L Y P  - 1 0 3 5 . 8 2 3 9 2 9 5  H A R T R E E  
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Triphenylphosphinesulfide (Ph3P=S) 
HF/6-31(d) for P, 6-31+(d) for S, and 6-31 for C,H 
S 16. 0  0 .  0 0 0 0 0 2 0 0 0 8  -0 .  0 0 0 0 1 3 4 7 7 6  — 3 . 1504131753 
p 15. 0  -0 .  0 0 0 0 0 4 7 0 2 1  0 .  0 0 0 0 1 9 9 2 2 6  -1. 1 7 6 1 5 2 6 3 0 7  
c 6.  0  -1. 5 4 6 0 0 3 7 8 3 6  - 0 .  6 6 2 4 7 0 7 3 5 4  - 0 .  4 6 7 2 8 1 0 5 8 0  
c 6. 0  1. 3 4 6 7 1 2 4 5 0 5  -1. 0 0 7 6 3 8 5 2 4 3  - 0 .  4 6 7 2 7 7 3 3 1 6  
c 6. 0  0 .  1 9 9 2 8 8 4 9 6 5  1. 6 7 0 1 0 3 9 9 1 0  -0 .  4 6 7 2 9 6 7 8 4 7  
c 6. 0  -3. 8 9 6 4 9 5 9 2 6 4  — 1 . 7 5 2 5 5 2 8 0 7 7  0 .  5 6 7 2 8 1 4 5 7 5  
c 6. 0 3. 4 6 6 0 0 4 7 1 1 9  ~2 . 4 9 8 1 9 9 0 2 5 5  0 .  5 6 7 2 2 7 5 3 9 2  
c 6. 0 0 .  4 3 0 5 1 4 9 8 0 8  4 . 2 5 0 7 3 1 0 5 0 0  0 .  5 6 7 2 8 5 5 2 6 0  
c 6. 0 — 2 . 1 7 0 1 2 0 3 4 1 8  -1. 7 3 6 3 7 0 9 9 5 5  -1. 1 0 5 4 5 7 9 5 7 6  
c 6.  0 2 . 5 8 8 7 7 3 8 5 0 9  -1. 0111957745 -1. 1 0 5 4 6 3 7 3 6 2  
c 6. 0 - 0 .  4 1 8 6 3 4 0 1 0 2  2 . 7 4 7 5 8 5 1 2 0 8  -1. 1 0 5 4 9 1 2 7 0 6  
c 6. 0 -2 . 1 2 0 1 4 1 6 2 0 3  - 0 .  1 3 7 0 6 2 8 4 6 5  0 .  6 9 0 3 1 6 0 5 5 4  
c 6.  0 1. 1 7 8 7 7 1 8 5 2 4  -1.  7 6 7 5 4 3 5 6 9 9  0 .  6 9 0 3 5 4 1 3 4 6  
c 6. 0 0 .  9 4 1 3 2 3 6 2 4 2  1. 9 0 4 6 2 2 7 9 7 3  0 .  6 9 0 3 4 1 6 9 5 9  
c 6. 0  — 3. 2 8 9 3 9 5 1 1 8 3  -0. 6 8 1 2 4 3 1 9 7 3  1.  2 0 4 1 7 2 9 5 0 3  
c 6. 0 2 . 2 3 4 6 4 3 2 3 7 2  -2 . 5 0 8 0 4 6 1 4 9 5  1. 2 0 4 1 6 0 6 7 9 4  
c 6. 0 i. 0 5 4 6 9 5 2 7 4 9  3. 1 8 9 3 0 3 4 4 2 7  1. 2 0 4 2 1 0 5 6 4 9  
c 6. 0 — 3. 3 3 5 5 4 3 5 1 4 2  ~2 . 2 7 8 7 8 6 9 6 9 5  -0. 5 8 8 3 4 0 4 2 7 8  
c 6. 0 3. 6 4 1 2 5 4 8 1 8 0  -i. 7 4 9 3 1 6 3 1 1 6  -0. 5 8 8 3 4 6 5 5 3 5  
c 6. 0 -0. 3 0 5 6 6 4 0 3 5 7  4 . 0 2 8 0 8 2 2 8 0 6  -0. 5 8 8 3 8 0 0 0 2 2  
H  1.  0 -1. 7 5 4 9 5 5 1 2 1 1  -2. 1 3 0 2 0 7 9 1 2 4  -2 . 0 1 1 5 0 6 1 7 5 6  
H  1 .  0 2 . 7 2 2 2 7 9 1 8 6 8  -0. 4 5 4 7 1 0 1 8 5 0  -2 . 0 1 1 5 2 7 6 1 7 0  
H  1 .  0 -0. 9 6 7 2 8 0 3 0 3 4  2. 5 8 4 9 6 2 1 3 2 6  -2 . 0 1 1 5 5 8 3 2 9 3  
H  1 .  0 - 1 .  6 6 9 3 1 2 8 6 2 6  0 .  6 9 7 8 4 7 3 4 7 6  1 .  1 8 8 1 7 4 1 3 7 5  
H  1 .  0 0 .  2 3 0 3 4 1 8 3 9 4  -1.  7 9 4 5 2 3 1 8 8 4  1 .  1 8 8 2 1 0 9 2 8 6  
H  1 .  0 1 .  4 3 8 9 1 9 9 9 0 9  1.  0 9 6 7 1 7 9 0 0 2  1 .  1 8 8 2 0 8 6 7 1 2  
H  1 .  0 — 3. 7 2 4 2 7 4 7 9 0 0  -0. 2 6 4 6 5 5 5 1 0 5  2. 0 9 2 0 1 6 3 0 6 6  
H  1 .  0 2. 0 9 1 3 4 1 4 2 9 8  -3. 0 9 2 9 8 1 1 9 1 9  2 . 0 9 2 0 1 7 3 8 2 2  
H  1.  0 1 .  6 3 2 8 8 1 1 3 1 2  3. 3 5 7 6 1 3 1 2 0 6  2. 0 9 2 0 5 0 1 0 4 2  
H  1 .  0 -3. 8 0 6 5 6 7 1 7 1 3  -3. 1 0 1 5 2 8 3 4 6 2  - 1 .  0 9 0 0 2 5 1 3 8 1  
H  1 .  0 4. 5 8 9 2 5 3 3 3 8 6  - 1 .  7 4 5 8 6 4 3 5 0 5  -1.  0 9 0 0 7 5 9 3 2 5  
H  1 .  0 -0. 7 8 2 6 1 8 6 4 1 4  4 . 8 4 7 3 8 3 4 6 7 1  -1.  0 9 0 0 8 0 6 9 9 0  
H  1 .  0 -4. 8 0 2 4 1 2 2 3 4 0  -2. 1 6 9 9 0 8 5 4 0 0  0 .  9 6 2 9 0 5 9 5 2 2  
H  1 .  0  4. 2 8 0 3 6 8 2 7 3 0  -3. 0 7 4 1 2 0 8 0 8 2  0 .  9 6 2 8 4 1 2 4 8 6  
H  1.  0 0 .  5 2 2 0 5 3 6 8 9 1  5. 2 4 3 9 6 7 8 4 6 2  0 .  9 6 2 8 9 9 1 6 6 0  
ZPE 0.300 630 HARTREE/MOLECULE 
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M P 2 / 6 - 3 1 ( d )  f o  
S 1 6 . 0  
p 1 5 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6 . 0  
c 6. 0 
c 6. 0 
c 6 . 0 
c 6 . 0  
c 6 . 0  
H 1 .  0  
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1 .  0  
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
H 1.0 
P ,  6 - 3 1 + ( d )  
0 . 1 0 6 9 4 1 2 3 6 4  
0 . 0 4 1 6 1 8 4 3 0 7  
1 . 6 9 1 0 1 6 8 0 1 2  
1 . 9 1 7 8 7 1 8 8 7 3  
3 . 1 9 8 5 7 2 2 8 6 3  
4 . 2 5 6 3 6 4 3 2 8 1  
4 . 0 3 4 8 5 5 4 2 3 3  
2 . 7 5 8 5 3 5 0 7 6 9  
- 0 . 7 9 6 4 3 6 3 8 3 3  
- 0 . 4 2 5 0 9 4 9 9 6 7  
- 1 . 1 3 2 2 7 7 9 3 7 0  
- 2 . 2 1 3 3 1 7 4 9 4 0  
- 2 . 5 8 0 2 1 8 9 3 5 1  
- 1 . 8 8 0 6 8 4 0 5 6 8  
- 0 . 8 4 3 6 4 7 1 2 8 6  
- 0 . 7 6 2 1 6 7 7 4 5 7  
- 1 . 3 9 4 5 5 7 5 9 7 4  
- 2 . 1 0 3 6 1 5 2 2 9 2  
- 2 . 1 9 1 4 5 8 7 2 8 9  
- 1 . 5 6 2 8 8 9 3 3 8 7  
- 1 . 6 5 3 3 5 5 7 2 9 5  
- 2 . 7 5 0 4 2 5 6 1 4 6  
- 2 . 5 9 3 9 8 5 5 5 0 0  
- 1 . 3 3 4 0 8 8 7 4 4 4  
- 0 . 2 3 9 7 5 2 6 2 5 3  
- 2 . 1 4 0 9 1 2 7 5 6 9  
- 3 . 4 0 7 7 6 5 9 6 3 1  
- 2 . 7 5 4 6 4 1 2 6 9 6  
- 0 . 8 3 6 4 6 6 8 2 4 7  
0 . 4 2 1 1 6 4 8 1 7 4  
2 . 5 9 1 1 1 4 5 3 8 7  
4 . 8 5 2 3 9 9 3 7 6 2  
5 . 2 4 5 6 1 3 9 9 5 9  
3 . 3 6 9 2 6 2 4 6 5 0  
1 . 1 1 2 4 3 0 0 8 5 9  
for S, and 6-31 
- 3  . 1 7 6 1 5 4 3 6 8 2  
- 1  . 2 3 6 2 3 2 2 8 6 8  
- 0  . 4 5 2 6 0 4 5 8 9 1  
0  . 7 0 0 0 6 8 7 8 6 3  
1  . 2 9 4 2 8 6 7 4 9 1  
0  . 7 5 0 6 1 2 7 2 6 9  
- 0  . 4 0 0 2 1 2 9 2 2 2  
- 0  . 9 9 8 8 5 7 1 4 3 2  
- 0  . 3 3 2 0 6 3 7 4 2 9  
0  . 9 8 7 9 9 0 3 0 0 7  
1  . 6 6 0 3 8 5 3 2 0 3  
1  . 0 2 7 5 5 5 0 5 1 2  
- 0  . 2 8 8 4 7 2 6 2 6 6  
- 0  . 9 6 6 4 3 7 5 7 2 0  
- 0  . 7 2 8 2 2 8 0 0 8 4  
- 1  . 5 7 1 9 5 1 7 7 4 4  
- 1  . 1 9 7 2 6 2 1 6 6 3  
0  . 0 2 2 5 5 7 4 0 3 8  
0  . 8 6 2 3 9 7 4 7 4 5  
0  . 4 9 3 9 2 7 5 1 4 8  
1  . 1 3 9 4 2 3 5 9 6 8  
1  . 7 9 8 0 6 7 2 2 2 1  
0  . 3 0 7 8 7 0 8 9 8 5  
- 1  . 8 5 3 6 7 5 7 9 3 1  
- 2  . 5 2 6 5 7 0 5 6 6 2  
- 1  . 9 9 3 1 4 1 7 1 0 0  
- 0  . 7 8 4 3 8 0 4 6 1 2  
1  . 5 4 7 8 0 6 7 8 3 9  
2  . 6 7 0 9 7 5 0 9 7 0  
1  . 4 7 7 4 3 3 3 7 0 2  
- 1  . 9 0 4 8 7 0 0 8 5 2  
- 0  . 8 2 9 2 3 2 8 5 8 2  
1  . 2 0 9 3 2 3 7 0 0 1  
2  . 1 7 4 1 8 2 0 2 7 5  
1  . 1 1 5 4 8 4 4 5 0 9  
for C,H 
0 .  4 3 5 4 2 4 8 9 9 1  
0 .  1 6 9 1 6 5 1 9 0 0  
0 .  0 3 4 7 0 2 9 6 9 2  
- 0 .  7 6 3 8 3 8 0 7 7 5  
- 0 .  7 9 8 6 9 1 6 6 4 6  
- 0 .  0 3 6 9 2 5 9 8 6 4  
0 .  7 5 3 0 9 8 4 3 6 8  
0 .  7 9 5 0 7 0 9 0 1 6  
1 .  5 2 2 9 8 7 7 5 3 4  
1 .  8 9 3 4 2 8 3 5 8 2  
2 . 9 1 4 4 1 0 2 1 8 9  
3 .  5 6 6 7 9 0 3 2 8 1  
3 .  2047114414 
2 . 1 8 4 8 4 6 7 2 4 0  
-1.  3 5 0 9 8 9 5 9 1 5  
-2 . 4 9 0 1 3 4 1 4 6 3  
—  3 .  6 9 3 8 1 9 1 0 9 8  
- 3 .  7 7 6 3 3 5 2 5 5 1  
-2 . 6 4 4 1 6 0 9 8 9 2  
- 1 .  4 3 4 3 6 3 9 7 9 6  
- 0  .  5 5 9 6 5 4 6 0 7 4  
—2 . 6 9 9 5 6 7 3 5 0 6  
-4 . 7 0 8 1 2 0 0 3 8 1  
-4 . 5 6 3 1 1 5 4 1 3 2  
-2 . 4 1 3 0 8 3 2 4 9 1  
1 .  9 2 3 3 3 8 0 9 6 5  
3 .  7141194810 
4 . 3 5 8 1 8 9 6 0 3 7  
3 .  2 0 1 2 3 7 8 8 1 4  
1 .  4 0 9 4 0 5 1 2 3 6  
1 .  3 7 9 2 7 8 0 6 4 0  
1 .  3 3 4 2 5 5 1 5 3 2  
- 0 .  0 6 9 3 7 5 8 8 0 2  
- 1 .  4 2 1 2 8 4 8 7 9 3  
- 1 .  3 7 1 0 0 0 6 0 6 5  
Energy 
Basis sets: 6-31(d) for C,H G3L for P,S 
MP2 
MP2(full) 
-1430.1796213 HARTREE 
-1431.3351206 HARTREE 
-1432.0550532 HARTREE 
B3LYP 
-1434.0266043 HARTREE 
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General Conclusion 
Certain rhenium(V) dithiolate complexes was found to be effective for oxygen Atom 
Transfer Reaction(OAT) reaction. Sulfur Atom Transfer (SAT) reaction as an extended 
analogue to the OAT reaction is also catalyzed by oxorhenium(V) dimer. Oxorhenium(V) 
dimer successfully catalyze sulfur transfer from thiirane to Ph3E ( E=P, As). The 
advantages of the reaction are no uncatalyzed component has been observed , the reaction 
is thermodynamically favored; values of A FT are -21 and -7 kcal mol"1 for PPh3 and 
AsPh3, respectively, from theoretical calculations, and catalytic amount of oxorhenium(V) 
dimer is enough to proceed the reaction to completion . The rate law has been derived from 
kinetic study to be v = ^ [Thiirane]|Re], independent of arsine concentration. The values of 
k/L mol™1 s 1 at 25.0 °C in CDC13 are 5.58 ± 0.08 for cyclohexene sulfide. The reaction 
mechanism has been proposed in which triphenylarsine inter the catalytic cycle after rate 
controlling step release of alkene. Thio-oxorhenium(VII) species is proposed intermediate 
in SAT catalytic cycle. Computational study showed large kinetic selectivity in favor 
sulfur transfer over the oxygen, which is supported by the experiment. Triphenylphosphine 
sulfide (Ph3P=S) was the only product detected in 31P-NMR. 
Dithiolate rhenium(V) oxo and thio complexes and Re(VII) (ReVII02 and ReVIIOS) 
intermediate have been studied computationally using DFT(B3LYP). The nature of Re=E ( 
E=0, S) in Re(V) and Re(VII) intermediate has been also studied computationally. The 
Re=E bonds consist of one a and two partial Jt bond, which agree with bond order analysis 
2. The Jt bonds are more polarized toward oxygen more than sulfur and this agree with the 
oxygen being more electronegative than sulfur. Bond strength of Rev=0 and Rev=S are 
148 
estimated to be approximately 163.7± 1.8 kcal mol1 and 123 ± 3 kcal mol"1, respectively. 
Bond strength of Re^"=0 and RevlI=S are also estimated to be 118.7± 1.2 kcal mol1 and 
80.5 ± 3.5 kcal mol™1, respectively. Stronger Rev=E bond than Rev"=E bond agree with 
ReVII02 and RevlIOS are the key intermediate in OAT and SAT reaction. 
